
WESTINGHOUSE ELECTRIC CORPORATION 

89 Holiday Off ice  Center 

Huntsville,  Alabama 

FINAL REPORT 

CONTRACT NAS8-5335 

June 1963 through October 1965 

DESIGN, DEVELOP, FABRICATE 
AND DEZIVER SILICON POWER TRANSISTORS 

National Aeronautics and Space Administration 

Huntsville,  A1 abama 
George C. Marshall Space F l i g h t  Center 



ABSTRICT 

High power, high speed t r a n s i s t o r s  were f ab r i ca t ed  on l a r g e  a rea  e p i t a x i a l  

s l i c e s .  The c o l l e c t o r  and the  base regions were grown e p i t a x i a l l y  and the  

e m i t t e r  region was formed by di f fus ion .  The t r a n s i s t o r s  were hard soldered 

t o  moly and encapsulated using the compression bonding technique. 

e l e c t r i c a l  c h a r a c t e r i s t i c s  of the t r a n s i s t o r  a r e :  

The 

c o l l e c t o r  t o  emi t t e r  vo l tage  VCEO = 120 t o  200 v o l t s  

hFE = 10 t o  15 a t  lOOA 

= .3 t o  1.2 v o l t s  'CE ( s a t )  
ton = 1 t o  l.5psec. a t  20A 

= 0.4 t o  0 . 7 ~ s e c .  a t  20A tof f 

cu r ren t  t r a n s f e r  r a t i o  

s a t u r a t i o n  vol tage  

turn-on time 

turn-of f time 

thermal impedance = 0.2 to  0.3S°C/watt. 

Proven is  the  f e a s i b i l i t y  of f a b r i c a t i n g  high vol tage,  high cu r ren t ,  and 

high speed devices  on l a r g e  a r e a  e p i t a x i a l  s l i c e s .  
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I. INTRODUCTION 

A. REVIEW OF SPECIFICATION 

Work was s t a r t e d  a t  Westinghwse Semiconductor Division i n  August 1964 

t o  design, develop, f a b r i c a t e  and d e l i v e r  s i l i c o n  power t r a n s i s t o r s  f o r  

NASA under Contract  NAS8-5335. The e l e c t r i c a l ,  thermal and environmental 

s p e c i f i c a t i o n s  of t h e  t r a n s i s t o r  a re  given below. 

1. E l e c t r i c a l  

a. DC cu r ren t  t r a n s f e r  r a t i o ,  hFE m i n i m u m  

DC a t  rCES .010 ohms maximum. 

D a t  1 3 amperes 

b. Col lec tor  t o  emi t te r  vo l tage :  VCEO = 150 v o l t s  minimum.  

C. Col lec tor  cur ren t  a t  VCE = 200 v o l t s ,  Tj = 2OO0C, VEB = 

-1.5V: 30ma. 

e. Base vol tage  a t  IC = 100 amperes, IB = 10 amperes, 

VBE(sat) = 2.5 v o l t s  maximum. 

f .  Turn-on t i m e  at IC = 100 amperes, IB = 10 amperes, VCE I= 

12 v o l t s ,  td + tr = 1.0 microseconds maximum. 

g. Turn-off time a t  VBE = -5 v o l t s ,  VcE = 12 v o l t s , t  + t = s f  
3.0 microseconds maximum. 

2. Thermal 

Col lec tor  power d i s s ipa t ion ,  Pc, w a t t s  - 250 

Thermal r e s i s t ance ,  o ~ - ~ ,  OC/watt, max. - 0.45 

Typical thermal capacitance,  Ct , w a t t  -sec/OC - 0.6 

Typical thermal time constant ,  TJ-C, mi l l i seconds-  120 

-1 - 



3. Environmental 

a. Temperature cycl ing:  -65°C t o  +20O0C, 5 cyc les  

b. Moisture r e s i s t ance :  10 cyc les  

c.  Centr i fugal  : 500g 

d. Storage l i f e :  +2OO0C, 1000 hours 

e. Shock: 5OOg 

f .  Vibration: ZOg, lOOcps t o  2OOOcps 

B. MAJOR DIFFXCULTIES ENCOUNTERED 

The t r a n s i s t o r  was f i r s t  designed t o  be f ab r i ca t ed  on an e p i t a x i a l l y  

grown c o l l e c t o r  region with a d i f fused  base and a d i f fused  emi t t e r .  

t h i s  des ign  19, 10-ampere t r a n s i s t o r s  uere f ab r i ca t ed  on 1-inch diameter 

s l i c e s .  The encapsulat ion of these  19 t r a n s i s t o r s  t o  produce a t o t a l  

100-ampere un i t  w a s  found t o  be extremely d i f f i c u l t .  Consequently, the  

emi t t e r  geometry was changed and a s i n g l e  100-ampere t r a n s i s t o r  was fab-  

r i c a t e d  on a 1-inch diameter s l ice .  The impurity p r o f i l e  i n  t h i s  case 

a l s o  was a double d i f fused  s i n g l e  e p i t a x i a l  p r o f i l e .  The leakage of the  

t r a n s i s t o r s  fabr ica ted  according t o  t h i s  des ign  was found t o  be very 

high. I n  order t o  loca t e  t h e  leakage problem, one s l i c e  from each group 

w a s  taken and a 10-ampere cont ro l  t r a n s i s t o r  was f ab r i ca t ed  along wi th  a 

l a r g e  100-ampere t r a n s i s t o r .  Lach con t ro l  s l i c e  contained 19 small un i t s .  

About 25% of t h e  small 10-ampere t r a n s i s t o r s  shawed poor vol tage  c a p a b i l i t y  

while t he  remaining 75% showed f a i r l y  good vol tage  and high leakage. This  

i nves t iga t ion  apparent ly  ind ica ted  t h a t  the  low vol tage  and high leakage 

were e i t h e r  d u e  t o  the nonuniform q u a l i t y  of t h e  e p i t a x i a l  l aye r  over a 

l a rge  area or due t o  t h e  impur i t i e s  introduced dur ing  t h e  d i f f u s i o n  process.  

I n  

I n  the  t h i r d  phase of t h i s  program, i t  w a s  decided t o  in t rcduce  techniques 

t o  improve the q u a l i t y  of t h e  e p i t a x i a l  growth and  also t o  change t h e  

impurity p r o f i l e  t o  a double e p i t a x i a l  s ing lc  d i f fused  one. This design 



l i '  
c 

' t  
l 

showed very promising resu l t s  and the  f i n a l  t r a n s i s t o r s  were f ab r i ca t ed  

accordingly.  

The formation of t he  co l lec tor -base  junc t ion  by mesa e tch ing  ins tead  of 

sandblas t ing  was found to  be b e t t e r  from a leakage s tandpoint .  

so because the  e t cnan t  used t o  e t c h  t h e  junc t ion  a f t e r  sandblas t ing  reac ted  

wi th  the  hard-solder ing a l l o y  and the  moly, 

junct ion.  Mesa e tch ing  a groove 10 microns deep el iminated t h i s  contamina- 

This  was 

This  i n  t u r n  contaminated the  

e-(-- CL".. U.. --d iqroved the leakage. 

During the  fou r th  phase of t h e  program, the  modif icat ions were introduced 

i n  t h e  encapsulat ion system and a l s o  i n  the  mounting of t he  t r a n s i s t o r  t o  

moly. The t r a n s i s t o r  w a s  designed t o  be encapsulated with a compression 

bonding technique, A s i l v e r  r ing  w a s  used a s  the  emitter contact .  With 

t h e  app l i ca t ion  of pressure on t h e  order  of 1200 lbs .  t h e  s i l v e r  r i n g  was 

found t o  f l a t t e n  and s h o r t  t h e  emit ter-base contact .  It w a s  found t h a t  

t h e  u n i t s  were cracking on t h e  app l i ca t ion  of high pressure,  The des ign  

of t h e  emitter contac t  w a s  changed t o  a s i l v e r  f o i l  wrapped around a 

Teflon d i s c  which gave a s a t i s f a c t o r y  contac t ing  system. 

D i f f i c u l t i e s  were a l s o  encountered i n  mounting the  t r a n s i s t o r  t o  the  moly. 

Usually a f t e r  p u t t i n g  on t h e  aluminum contact ,  t he  c o l l e c t o r  s i d e  of t he  

t r a n s i s t o r  w a s  evaporated wi th  gold and hard soldered t o  gold p l a t ed  moly. 

Th i s  s t e p  w a s  found t o  produce a degradat ion i n  vol tage  and gain. 

degrada t ion  w a s  e l imina ted  by hard so lder ing  the  t r a n s i s t o r s  s t r a i g h t  t o  

t h e  p l a i n  moly using a r e c t i f i e r - t y p e  so lder .  

This  

Thus t he  d i f f i c u l t i e s  encountered i n  connection wi th  e p i t a x i a l  material 

prepara t ion ,  f ab r i ca t ion ,  mounting and encapsulat ion w e r e  success fu l ly  

e l iminated and the  program w a s  completed according t o  the  s p e c i f i c a t i o n s  

of t h e  s u b j e c t  cont rac t .  

-3 - 



C. MAJOR ACCOMPLISHMENTS 

The successful completion of the project demonstrated the following 

important factors : 

1. The formation of a defect-free epitaxial junction over a large 

area was possible. 

down voltage and also by the low leakage of the epitaxial junctions. 

This was demonstrated by the uniformity in the break- 

2. The value of in situ deposition of the collector-base junction. 

This technique virtually eliminated the damage introduced due to handling 
or exposure to a contaminating atmosphere. 

3. That tight control over the emitter diffusion process and the 

photo masking technique was possible. 
final device was evidence of success. 

The good characteristics of the 

4 .  The fabrication of high speed  US), high current (100A), high 
voltage (150V) and low saturation voltage transistors on large area 
epitaxial slices is possible. 

5. A method of encapsulation giving low thermal impedance (0.35'C/watt). 

This was mainly due to the well controlled compression bonding technique. 

This technique helped to eliminate serious soldering problems such as 

thermal fatigue or degrading of device characteristics due to voids. 

-4 - 



II. DESIGN CONSIDERATIONS 

A. INTRODUCTION 

The device spec i f i ed  under t h i s  con t r ac t  is outs tanding  i n  i t s  r a t i n g  of 

cu r ren t ,  vo l tage ,  switching time and s a t u r a t i o n  c h a r a c t e r i s t i c s .  

The high vol tage  requirement is usua l ly  not compatible wi th  narrow base 

widths  s i n c e  the  collector vol tage w i l l  e i t h e r  be punch-through o r  

m u l t i p l i c a t i o n  l imi t ed  i f  t he  base doping is too  l aw or too high,  

r e spec t ive ly .  

i n  c o l l e c t o r  c h a r a c t e r i s t i c s  a re  descr ibed.  The aM= 1 condi t ion  is  

shown t o  be a f f ec t ed  by t h e  emitter geometry and t o  dominate the  SB 
phenomena. It i s  f o r t u n a t e  t h a t  t he  requirement on a c o n t r o l  i s  s i m i l a r  

t o  t h a t  required f o r  switching t i m e .  

t h e  c o l l e c t o r  junc t ion  is then  designed f o r  a predetermined m u l t i p l i c a t i o n  

f a c t o r ,  M = l/q t h a t  permits  the use of a small  base width requi red  f o r  

fas t  switching. The vo l t age  capab i l i t y  of t he  device  can be determined 

by e s t a b l i s h i n g  the  dependence of breakdown vol tage  on t h e  var ious  device 

parameters. 

S tudies  i n  secondary breakdam and negat ive  r e s i s t a n c e  

With the  a already under cont ro l ,  

Using the  theory based on Moll's@) work, the switching t i m e  cha rac t e r -  

i s t ics  can be analyzed. It i s  ..hewn t h a t  i f  t he  t r a n s i s t o r  ga in  i s  con- 

t r o l l e d  and maintained r e l a t i v e l y  cons tan t  throughout t he  opera t ing  range 

of cu r ren t  and temperature,  t he  f a l l  and r i s e  t imes can be minimized. 

Of t h e  t h r e e  components of t r a n s i s t o r  cu r ren t  ga in  (emitter e f f i c i ency ,  

t r anspor t  e f f i c i ency ,  c o l l e c t o r  e f f i c i e n c y ) ,  i t  is usua l ly  the  emitter 

e f f i c i e n c y  t h a t  determines t h e  cur ren t  ga in  of present  day s i l i c o n  

t r a n s i s t o r s .  I n  genera l ,  emi t te r  e f f i c i e n c y  and cu r ren t  ga in  tend t o  

inc rease  with e m i t t e r  cu r ren t  as recombination consumes l e e s  of t he  

i n j e c t e d  cu r ren t ,  and t o  decrease a t  high cu r ren t  l e v e l s  due t o  an 

(1) Moll, J. T., "Large S ingle  Trans ien t  Response of Junc t ion  Trans is tor$ '  

-5- 
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e f f e c t i v e  inc rease  of c a r r i e r  concent ra t ion  i n  the  base (conduct iv i ty  

modulation). These e f f e c t s  combine t o  g ive  a ga in  c h a r a c t e r i s t i c  which 

i s  lcw a t  very low cur ren t ,  r i s e s  t o  a maximum at  moderate cu r ren t s ,  and 

f a l l s  off a t  high cur ren ts .  

l a r g e l y  by emi t t e r  edge length,  s ince  t h e  t r ansve r se  vol tage  drop across  

the  base region leads  t o  crowding of c u r r e n t  t o  the  e m i t t e r  edges.(3) For 

the  b e s t  u t i l i z a t i o n  of t o t a l  device a r e a  a t  high cu r ren t s ,  t he  r a t i o  of 

emi t t e r  edge length  t o  emi t t e r  a r ea  m u s t  be reasonably la rge .  Westinghouse 

power t r a n s i s t o r  designs employ m u l t i p l e  r i n g  s t r u c t u r e s  f o r  t h i s  purpose. 

Other means of achieving t h i s  end i n  the  indus t ry  inc lude  i n t e r d i g i t a t e d  

or comb s t r u c t u r e s  and var ious  types of star s t r u c t u r e s .  

experience both i n d i c a t e  t h a t  t he  cu r ren t  dens i ty  per  u n i t  of e m i t t e r  

edge length should be on the  order  of 4-5 amperes per  inch. 

s u b j e c t  100-ampere t r a n s i s t o r  w i l l  r e q u i r e  some 20-25 inches of emi t t e r  

edge. 

Gain a t  very high cu r ren t  i s  determined 

Theory and 

Thus, t he  

To reduce gain f a l l o f f  due t o  conduct ivi ty  modulation, i n  the f i r s t  p lace ,  

a highly doped base region is  required.  

co l l ec to r - emi t t e r  r a t i n g ,  e i t h e r  the  c o l l e c t o r  region must  be l i g h t l y  

doped, or  t h e  base reg ion  must  inc lude  a h i g h - r e s i s t i v i t y  l a y e r  adjacent  

t o  the  c o l l e c t o r  junct ion.  

of e i t h e r  t h e  o r  "+ type, where R and V denote high r e s i s -  

t i v i t y  P and N types, r e spec t ive ly .  

give the  lower v a r i a t i o n  of cur ren t  ga in  wi th  c o l l e c t o r  vo l tage .  The 

c o l l e c t o r  con tac t  reg ion  is  N+ ( t h a t  is, highly doped) i n  both cases  t o  

minimize c o l l e c t o r  body r e s i s t a n c e  i n  order  t o  keep s a t u r a t i o n  r e s i s t a n c e  

and c o l l e c t o r  charge s torage  low. 

I n  order  t o  achieve the  200-volt 

The general device s t r u c t u r e  must  t he re fo re  be 

Of these ,  t he  @P+V& s t r u c t u r e  would 

(2) Webster, W. M., "On the  Var ia t ion  of Junc t ion-Trans is tor  Current-  
Application Factor  wi th  Emitter Current," Proc. of IRE, V. & 
pp. 914-920, June 1954. 

F le tcher ,  N. H., "Some Aspects of t he  Design of Power Trans is tors , "  
Proc. of IRE, V. 43. pp. 551-559, May 1955. 

(3) 
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Fur ther  con t ro l  of gain at law and moderate cu r ren t s  can be achieved by 

s u i t a b l e  des ign  of t he  o v e r a l l  emi t te r  a r e a  and of emi t t e r  doping l eve l ,  

p a r t i c u l a r l y  s ince  the  base doping is already increased.  By increas ing  

t h e  t o t a l  e m i t t e r  a rea ,  recombination is made a dominant f a c t o r  up t o  

h igher  emitter cu r ren t s ;  i n  t h i s  way, the  peak of t h e  ga in  curve i s  

l w e r e d  i n  magnitude and s h i f t e d  t o  higher  cu r ren t  levels. 

f a l l o f f  is thus  reduced and s a t u r a t i o n  vol tage  i s  a l s o  minimized. The 

t o t a l  emitter a r e a  should therefore  be a s  l a r g e  as phys ica l  l i m i t a t i o n s  

and switching time considerat ions permit. 

The ga in  

The fundamental emi t t e r  e f f i c i ency  can be con t ro l l ed  by t h e  emitter 

doping l e v e l  or, i n  t he  case of a d i f fused  emitter, by the  r e l a t i v e  

depth of d i f f u s i o n  and t h e  surface concentrat ion,  as i s  w e l l  known t o  

t h e  indus t ry .  I n  the s u b j e c t  device, t h e  emi t t e r  e f f i c i e n c y  w i l l  be con- 

t r o l l e d  t o  t h e  lowest l e v e l  compatible wi th  ga in  requirements;  i.e., the  

doping l e v e l  i n  the  emi t t e r  w i l l  be high enough t o  achieve the  des i r ed  

ga in ,  but no higher .  

In t h i s  s e c t i o n  the  design equations used t o  compute the  vol tage  capa- 

b i l i t y ,  cu r ren t  ga in  and switching c h a r a c t e r i s t i c s  a r e  given and the  

emitter geometry i s  discussed.  

-7 - 



B. EMITTER GEOMETRY 

I n i t i a l l y  a novel design approach was considered which would t ake  i n t o  

considerat ion any d e f e c t s  formed i n  t h e  c r y s t a l  s t r u c t u r e  during f ab r i ca -  

t i o n ,  such a s  pipes  and sp ikes ,  which would l i m i t  t h e  performance of t h e  

device.  The approach under i n v e s t i g a t i o n  c a l l e d  f o r  a ser ies  of i nd iv idua l  

emitters formed by oxide masking and d i f f u s i o n  on a s i n g l e  c r y s t a l .  Only 

those  emitters found t o  be i n  s p e c i f i c a t i o n  would be connected e x t e r n a l l y  

i n  order t o  meet t h e  c u r r e n t  gain and v o l t a g e  requirements .  Use of 

ind iv idua l  emitters on t h e  s i l i c o n  would al low considerably g r e a t e r  e f f e c -  

t i v e  emitter edge length t o  be obtained i n  a given a r e a  than i n  t h e  con- 

ven t iona l  i n t e r d i g i t a t e d  comb s t r u c t u r e  where a r e a  must be used f o r  emitter 

interconnect  ions.  

The ind iv idua l  emitters were t o  be s t r i p s  formed by d i f f u s i o n  i n t o  

s i l i c o n ,  each s t r i p  being 10 m i l s  i n  width separated by a base s t r i p  

of 5 m i l s  width. The t o t a l  emi t t e r  edge length ,  when s t r i p s  of t h i s  

s i z e  are  employed, would be 42 inches .  

Unfortunately,  problems of encapsulat ion made i t  necessary t o  abandon 

t h i s  i n i t i a l  approach. Tolerances involved i n  us ing  a ceramic d i s c  t o  

make contact  t o  the  emitter and base a r e a  of the s i l i c o n  device were 

too f i n e ;  and t h e  o r i e n t a t i o n  of t he  ceramic d i s c  w i t h i n  t h e  c a s e  was 

n e a r l y  impossible. 

t h a t  may have accrued us ing  t h i s  design. 

These technological  d i f f i c u l t i e s  o f f s e t  any advantages 

Another method employing t h e  redundancy concept was developed. 

approach a s e r i e s  of 10 ampere modules was f a b r i c a t e d  on a s i n g l e  s i l i c o n  

s l i c e  incorporat ing t h e  o r i g i n a  1 d j  Efusion p roEi l e s ,  oxide masking and 

pho to - re s i s t  techniques.  The b e s t  of t hese  modules were connected i n  

p a r a l l e l  t o  obtain 100 amperes. Each module is  a s e p a r a t e  t r a n s i s t o i  

i s o l a t e d  from t h e  o the r  t r a n s i s t o r s  on the  s l i c e  by mesa e tch ing .  ii 

In t h i s  

-8- 



hexagonal shape was chosen f o r  each module. 

of f i l l i n g  the  su r face  of a c i r c u l a r  s l i c e  of s i l i c o n  with very l i t t l e  

waste. 

a r e a s  f o r  con tac t ing  t h e  base and e m i t t e r  of each module. 

This  shape had the  advantage 

In  a d d i t i o n ,  t he  opposing apexes of the  hexagon of fered  s u i t a b l e  

Nineteen modules could be placed on a s l i c e  1 1/8 inch i n  diameter i n  

t h e  manner p i c tu red  i n  F igure  1 . Each module has  an e m i t t e r  wi th  

a n  edge length of approximately 2.5 inches,  as requi red  f o r  10 ampere 

opera t ion .  

opera t ing  a t  190 amps. This redundancy design o f f e r s  advantages i n  

f a b r i c a t i o n  y i e l d ,  ga in ,  and s a t u r a t i o n  c h a r a c t e r i s t i c s  f o r  t h e  sub jec t  

t r a n s i s t o r .  The d e t a i l e d  dimensions of t h e  emitter mask are s h a m  i n  
Figure  2. 

The t o t a l  a r r a y  is t he re fo re  t h e o r e t i c a l l y  capable  of 

Since p o t e n t i a l  problems i n  in te rconnec t ion  were foreseen ,  a convent ional  

non-redundant design w a s  developed simultaneously.  

I n  a review with NASA of device requirements i t  was determined t h a t  t h e  

case o u t l i n e  t h a t  had been considered was too l a r g e .  To accommodate 

t h e  smaller  ca se  s i z e ,  t h e  s l i c e  s i z e  w a s  reduced from 1 1/8 inches t o  

1 inch. With t h i s  o v e r a l l  s i z e  reduct ion ,  t h e  o r i g i n a l  concept of 19 

modules was r e t a i n e d  by reducing t h e  s i z e  of each module t o  80% of t h a t  

prev ious ly  considered.  The emitter edge length per  module then became 

2.0 inches ,  r e q u i r i n g  a c u r r e n t  dens i ty  of 5 amperes/inch. 

D i f f i c u l t i e s  were encountered i n  in te rconnec t ion  and encapsulat ion of 

t h e  n ine teen  module u n i t s .  Due t o  t h i s  problem, a s i n g l e  100 amp u n i t  

w a s  designed. This  is the design employed i n  t h e  f i n a l  t r a n s i s t o r  and 

t h e  dimensions are shown i n  Figure 3 . The design c o n s i s t s  of fo r ty -  

f i v e  emitter f i n g e r s  with a t o t a l  emitter edge length equal  t o  2 1  inches 

and a t o t a l  emitter con tac t  a rea  equal  t o  0.5 (in.) . 2 
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C. VOLTAGE DESIGN 

A complete knowledge of avalanche breakdown c h a r a c t e r i s t i c s  and a l s o  the  

dep le t ion  l aye r  p r o p e r t i e s  i s  e s s e n t i a l  f o r  t he  optimum vo l t age  des ign  

of t r a n s i s t o r s .  The s t e p s  t h a t  have t o  be taken f o r  vo l t age  design are 

the determination of t h e  n e t  impurity d i s t r i b u t i o n  ac ross  the  device 

and the s o l u t i o n  of the  Poisson's equations f o r  t he  appropr i a t e  boundary 

conditions.  The design of mult i -diffused t r a n s i s t o r s  i s  much more com- 

p l i c a t e d  than s ing le -d i f fused  o r  a l l o y  t r a n s i s t o r s .  This  i s  mainly due 

t o  the f a c t  t h a t  mult i -diffused s t r u c t u r e s  introduce s e v e r a l  design 

parameters whose interdependence i s  hard t o  i n v e s t i g a t e .  

a n a l y s i s  has been made a t  Westinghouse with t h e  a i d  of IBM-7094 computer 

t o  determine avalanche breakdown vol tage and the  vo l t age  supported by 

the  col lector-base junc t ion  f o r  t h e  given va lues  o f :  

A d e t a i l e d  

(1) dep le t ion  l a y e r  width 

(2) su r face  concentrat ion 

(3) 
(4) d i f f u s i o n  depths.  

background concentrat ion of t h e  parent  material 

The n e t  impurity dens i ty  f o r  a Gaussian d i s t r i b u t i o n  i n  t h e  region AB 

(see Figure 4) i s  

where C1 = 
- 

c2 - 

Dl - 

- 
'B - - 

- - - 
D2 - 

su r face  concentrat ion of emitter d i f f u s i o n  

su r face  concentrat ion of base d i f f u s i o n  

background concentrat ion 

d i f f u s i o n  c o e f f i c i e n t  of t he  d i f f u s a n t  used 
f o r  emi t t e r  d i f f u s i o n  

emitter d i f f u s i o n  t i m e  

d i f f u s i o n  c o e f f i c i e n t  of the d i f f u s a n t  used for 
base d i f f u s i o n  

base d i f f u s i o n  t i m e  

The d i f f u s i o n  p r o f i l e  i n  the region BC f o r  a Gaussian d i s t r i b u t i o n  i s  
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where C = su r face  concentratioii  f o r  c o l l e c t o r  d i f f u s i o n  

D3 = d i f f u s i o n  c o e f f i c i e n t  €or c o l l e c t o r  d i f f u s i o n  

t3 = d i f f u s i o n  time 

3 

The Poisson's equation corresponding t o  t h e  d i s t r i b u t i o n  given i n  

Equation (1) is 

m 2 d V  
dx2 
- - -  e 

xhere q = e l e c t r o n i c  charge 

K = d i e l e c t r i c  constant  

F = p e r m i t t i v i t y  of f r e e  space 

The vo l t age  c a p a b i l i t y  of t h e  col lector-base junc t ion  can be  c a l c u l a t e d  

by solving Equation (2) f o r  given boundary condi t ions.  

"hen a vol tage i s  app l i ed  a t  a junct ion,  t h e  dep le t ion  l aye r  extends t o  

both s i d e s  of t h e  junct ion.  The dep le t ion  l aye r  wjclch 3 s  a func t ion  of 

vo l t age  a t  t h e  c o l l e c t o r  base junct ion can also be ca l cu la t ed  by so lv ing  

Equation (2) f o r  given boundary condi t ions.  

The avalanche breakdown c h a r a c t e r i s t i c s  can be c a l c u l a t e d  from t h e  

empir i c a  1 f ormu l a  (4) 

1 1 - - M = JI a (E) dx (3) 

where M = avalanche m u l t i p l i c a t i o n  f a c t o r  

w = dep le t ion  l aye r  width 

( 5 )  The i o n i z a t i o n  r a t e  can be w r i t t e n  as 

-b/E a (E) = a e  

(4) Muller, S. L., ''Avalanche Breakdwn i n  Germanium," Physical  Review, 

(5) Masergian, J., "Determination of Avalanche Breakdawn P-N Junctions," 
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where a = 9 x 1015 c m - l  
6 

b = 1.7  x 10 (volt/cm) 

The junct ion b r e a k s  down i n  the  avalanche mode when t h e  i n t e g r a l  i n  

Equation (3)  becomes u n i t y .  

The r e s u l t s  of t he  c a l c u l a t i o n s  p e r t i n e n t  t o  t h e  s u b j e c t  t r a n s i s t o r  a r e  shown 

i n  Table I. It i s  seen from Table I: t h a t  Case I and Case I1 w i l l  m e e t  

t h e  vo l t age  requirement and t h a t  a c o l l e c t o r  r eg ion  of 4 0 ~  and 1711 i s  needed 

f o r  t hese  two cases  r e spec t ive ly .  However, Case I1 has  a d e f i n i t e  advantage 

over Case I ,  s ince  a thinner  c o l l e c t o r  region w i l l  reduce the s a t u r a t i o n  

r e s i s t a n c e  considerably.  Thus, t h e  parameters chosen f o r  t h e  bas i c  design 

a r e :  

Surface concentrat ion f o r  emitter d i f f u s i o n :  

3 21 C1 (atoms/cm ) = 1 x 10 

Surface concentrat ion f o r  base d i f f u s i o n :  

3 18 C (atoms/cm ) = 1 x 10 
2 

Concentration f o r  t h e  i n t r i n s i c  c o l l e c t o r  region:  

3 14 
CB (atoms/cm = 6.5 x 10 

Base d i f fus ion  depth: 

X (microns) = 5 
J2 

Base width: 

WB (microns) = 2:5 
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Problems were solved f o r  t h e  set of parameters shown i n  Table I1 and 

t h e  r e s u l t s  were analyzed g raph ica l ly .  

i n  Figure 5. 
A t y p i c a l  se t  of r e s u l t s  i s  shown 

The c u r r e n t  ga in  of a t r a n s i s t o r  can be w r i t t e n  as  

c( = J p  

assuming a c o l l e c t o r  e f f i c i e n c y  of u n i t y ,  where 

CJ = e m i t t e r  e f f i c i e n c y  

P = base t r a n s p o r t  f a c t o r  

The c u r r e n t  t r a n s f e r  r a t i o  i s  

For t r a n s i s t o r s  with f a i r l y  narrow basewidth, t h e  t r a n s p o r t  f a c t o r  i s  

close t o  u n i t y  and, hence, t h e  f a c t o r  t h a t  i n f luences  most of t h e  c u r r e n t  

ga in  i s  t h e  i n j e c t i o n  e f f i c i e n c y  7 . I n  t h e  case of d i f f u s e d  t r a n s i s t o r s  

7 is  mainly determined by surface concen t r a t ions ,  d i f f u s i o n  depths,  

l i f e t i m e  of t h e  minori ty  carriers,  and t h e  d r i f t - f i e l d  i n t e n s i t y .  The 

dependence of I on these  parameters can be determined by solving t h e  

s teady s t a t e  c o n t i n u i t y  equation f o r  known boundary condi t ions.  

a n a l y s i s  has  a l s o  been done a t  Westinghouse with the  a i d  of another  com- 

pu te r  program. The program computes t h e  i n j e c t i o n  e f f i c i e n c y ,  t h e  t r ans -  

p o r t  f a c t o r  and c u r r e n t  t r a n s f e r  r a t i o  f o r  given values  of s u r f a c e  

This  
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concent ra t ions ,  d i f f u s i o n  length and junc t ion  depths ,  taking i n t o  con- 

s i d e r a t i o n  the  e f f e c t  due t o  d r i f t  f i e l d  a l s o .  A t  low-level i n j e c t i o n  

t h e  d r i f t  f i e l d  i s  due t o  b u i l t - i n  concent ra t ion  g rad ien t ,  and a t  

h igh- leve l  the  d r i f t  f i e l d  i s  mainly due t o  the  injected c a r r i e r s .  

The s teady  s t a t e  con t inu i ty  equat ion i s  

( q - R )  - v * I  = 0 

(q-R) = n e t  r a t e  of generat ion of p a r t i c l e s  
( r a t e  of generat ion - r a t e  of recombination) 

I = p a r t i c l e  cu r ren t .  

The e l e c t r o n  current  due t o  d i f f u s i o n  and d r i f t  f i e l d  i n  a P-type base is 

I. - - - D  V N  - 11 NE (5 1 iL‘ n 

where N = excess minori ty  c a r r i e r  ( e l ec t ron  dens i ty)  

E = e l e c t r i c  f i e l d  i n t e n s i t y .  

I t  can be assumed t h a t  

q = o  
N R - -  - f ’  n 

where = t h e  l i f e t i m e  of minori ty  c a r r i e r s .  n 

Subs t i t u t ing  equation ( 5 )  and (6) i n  ( 4 ) ,  w e  ge t  t h e  s teady s t a t e  con- 

t i n u i t y  equation f o r  excess minori ty  c a r r i e r  i n  P-type base a s  

- -  - 0  
d2 N dN N - -!- 

L 2  dx2 b fdx n 

1 f =QE 
KT where L 2 = - , 

n Dn 7n  

The genera l  so lu t ion  of Equation (7 )  i s  
f - fx/2 I cxx + e - c < x  I J 

N = e  . 11 e 
I 
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where 

1 
L 2  n 

+ -  2 f 2  
Q I -  

4 

The excess minority c a r r i e r  current  dens i ty  is 

JN + NE 

The c o e f f i c i e n t  i n  Equation ( 8 )  can be evaluated with known boundary con- 

d i t i o n s  a t  t h e  edge of the deplet ion l a y e r  of the model shown i n  Figure 8 

and cu r ren t  dens i ty  can be determined from Equation ( 9 ) .  

of equat ion can be derived f o r  the minori ty  c a r r i e r  dens i ty  Jp i n  t he  

N-type emitter. 

A similar type 

Thus, the i n j e c t i o n  e f f i c i ency  of t h e  emi t t e r  base junc t ion  is 

and the  t r anspor t  f a c t o r  i s  

and the  cu r ren t  gain is 

assuming a c o l l e c t o r  e f f i c i ency  of unity.  Thus, the cur ren t  transfer r a t i o  

hFE = 1 - a  
The above treatment can a l s o  be extended t o  PNP t r a n s i s t o r s .  A series of 
problems were solved f o r  t h e  parameters 

w e r e  analyzed graphical ly .  

given i n  Table I1 and the  r e r u l t s  
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E. SATURATION VOLTAGE 

One of t he  c r i t i c a l  design requirements of t h e  s u b j e c t  t r a n s i s t o r  i s  f o r  

t h e  low s a t u r a t i o n  vo l t age  (1 v o l t )  a t  a c o l l e c t o r  c u r r e n t  of 100 amperes. 

In order  t o  begin t h e  design,  i t  i s  necessary t o  examine the  c h a r a c t e r i s t i c s  

of a t r a n s i s t o r  operat ing under s a t u r a t i o n  cond i t ions .  The pecu l i a r  r equ i r e -  

ments placed on such a t r a n s i s t o r  w i l l  be  considered i n  d e t a i l .  A t r a n s i s t o r  

i n  a t y p i c a l  common emitter c i r c u i t  i s  shown i n  Figure 6 . Ord ina r i ly ,  

t h e  c o l l e c t o r  junct ion,  Jc, i s  r eve r se  biased and the  emitter junct ion,  

Je, i s  forward biased by t h e  supply vo l t ages  as  shown. 

c u r r e n t ,  IB, is  increased, t he  c o l l e c t o r  c u r r e n t ,  IC, w i l l  a l s o  inc rease .  

However, i f  IC i s  increased t o  the  po in t  where t h e  IC% drop equals  t he  

A s  t h e  base 

supply vol tage,  t h e  Jc i s  no longer r eve r se  b i a sed  but  forward b i a sed  ECC 
as shown by the p o l a r i t y  marks. Thus, t h e  s a t u r a t i o n  vo l t age ,  VCE, i s  t h e  

d i f f e r e n c e  between t h e  c o l l e c t o r  j unc t ion  v o l t a g e  and the  emitter junc t ion  

vo l t age  p lus  the ohmic drops ac ross  the c o l l e c t o r ,  emitter and base region. 

The ohmic drops can be made s m a l l  by high doping of t h e s e  regions.  

t h e  important point  now is  t o  make t h e  c o l l e c t o r  and emitter junc t ion  

vo l t ages  equal s o  t h e  d i f f e r e n c e  between them i s  s m a l l  and thus VCE i s  

small. 

Thus, 

The v o l t a g e  drop ac ross  any junc t ion  i s  determined by t h e  c a r r i e r  dens i ty  

' on each s i d e  of  i t .  In  a t r a n s i s t o r  with c o l l e c t o r  and emitter junc t ions  

adjacent  t o  each o t h e r ,  t h i s  vo l t age  i s  r e l a t e d  t o  t h e  normal and inve r t ed  

alphas as given by Ebers and Mollt6). Thus, making t h e  c o l l e c t o r  and emitter 

junc t ion  vol tages  equa l ,  r e q u i r e s  equal doping i n  t h e  emi t t e r  and c o l l e c t o r  

regions.  It is a l s o  e s s e n t i a l  t o  have a s m a l l  base width so t h a t  t h e  

i n j e c t e d  c a r r i e r  dens i ty  recombination l o s s  from t h e  emitter i s  s m a l l  and 

almost t h e  same a t  t he  c o l l e c t o r .  This i s  the  same a s  keeping t h e  base 

cu r ren t  small so t h a t  t h e  c o l l e c t o r  and emi t t e r  c i i r rents  a r e  almost equal.  

(6)Ebers and Moll, PIRE V. 42, p. 1761, Dec. 1954. 
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A second requirement f o r  a low s a t u r a t i o n  vo l t age  becomes evident when t h e  

equivalent  c i r c u i t  of an ordinary t r a n s i s t o r  with co l l ec to r -base  c o n t a c t s  

overlap i s  examined. The equivalent c i r c u i t  and the  overlap are shown i n  

Figure 7 . 

When Vcc i n  Figure 7 is  less than V minus t h e  forward drop of t he  diode BE 
D, diode D w i l l  s t a r t  t o  conduct and t h e  c u r r e n t  w i l l  s t a r t  t o  flow through 

diode D. 

base c u r r e n t ,  IB, and an inc rease  i n  V i n  t h i s  mode w i l l  only pass more 

c u r r e n t  through t h e  diode. Thus, I is not a f f e c t e d  by t h i s  a c t i o n  s i n c e  

only IB can change IC. 
and thus VCE i s  e s s e n t i a l l y  clamped t o  V 

Thus, t he  e x t e r n a l  base c u r r e n t ,  IaT, i s  no longer t h e  only t r u e  

BE 

C 
The s a t u r a t i o n  vo l t age  cannot be decreased f u r t h e r  

( 3  
BE * 

It is  obvious t h a t  t h e  vo l t age  drop ac ross  

v o l t a g e  i f  t h e  impedance i n  t h e  diode branch is  low. 

' i nc reases  the  s a t u r a t i o n  %b 
, 

In  summary, t h e  above discussion i n d i c a t e s  t h a t  t h i s  diode e f f e c t  w i l l  be 

minimized i f  Ft,b' i s  el iminated and/or t h e  diode equivalent  drop is in- 

creased.  A t  t he  same t i m e ,  t h e  forward and inve r se  alphas should be maxi- 

mized. 

and a narrow bu t  s u f f i c i e n t l y  highly-doped base region. The profile shown 
i n  Figure 8 

F. SWITCHING CHARACTERISTICS 

This r e q u i r e s  heavy symmetrical doping f o r  e m i t t e r  and c o l l e c t o r  

approximately s a t i s f i e s  t h e s e  requirements. 

The parameters of switching t i m e  f o r  a t r a n s i s t o r  i n  t h e  common-emitter 

conf igu ra t ion  a s  given by Moll' u s ing  a s impl i f i ed  equivalent  C i r c u i t  

of a t r a n s i s t o r  are: 

1 
I n  i - 0.9 i c z N o  R i s e  Time: to = -- 1 

B 1  

(7)H. G. Rudenberg,PIRE, p. 1304, June 1958. I 
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cA NO 

F a l l  T ime :  

a N O  
B2 0.1 - - 

ic 1 IaNO 

where 

Wx = angular a lpha cu t -of f  frequency 

a,, = low frequency comnon base c u r r e n t  g a i n  

al0 = low frequency inver ted  common-base c u r r e n t  ga in  

w = angular cu t -of f  frequency of al 
i 

i 

i 

1 

B 1  

B2 

c1 

= turn-on base d r i v e  

= turn-off base d r i v e  

= co l l ec to r  cu r ren t  i n  "on" s t a t e  

In us ing  t h e  above equat ions ,  w e  assume t h a t  aN, al, W N ,  and b T l  do not  

va ry  with c o l l e c t o r  cu r ren t  or with  vol tage ;  and e f f e c t s  of emi t te r  and 

c o l l e c t o r  capaci tance are neglected.  

I f  c( increases  appreciably from i t s  minimum value  ( i . e .  a t  100 amperes 

f o r  t he  subjec t  device) i n  t h e  range of c u r r e n t  being switched, r i se  and 

f a l l  times w i l l  increase .  Therefore ,  a b a s i c  requirement Tor t h i s  

t r a n s i s t o r  was a con t ro l l ed  ga in  c h a r a c t e r i s t i c  with minimum v a r i a t i o n  of 

ga in  wi th  cu r ren t  l e v e l .  The c a l c u l a t e d  rise t i m e  of 0.4 microseconds 

ind ica t e s  t h a t  a base width of 3 - 4  microns g ives  a conserva t ive  design f o r  

speed, leaving room f o r  increases  i n  switching t i m e  due t o  ga in  v a r i a t i o n  

and Capacitance e l fec ts .  Furthermore, t h i s  base width leaves an adequate 

margin over the vol tage- l imi ted  base width oL 1.25 microns. 
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~ ~ ( a t o m s / c m  3 ) 

20 1 x 10 

21 1 x 10 

TABLE I1 

Sets  of Parameters Used for Computer Calcula-ions 

Xj2(P) WB(d 
3 3 

C2(atms/crn ) CB(atoms/cm ) Base Diff .  Depth (base width) 

17  1 x 10 
14 

1.5 x 10 

14 

15 

6.5 x 10 

1.5 x 10 

6.5 x 10 

18 

19 

1 x 10 

1 x 10 

15 

f 1.5 

~ 2 . 5  

f 2 . 5  

b . 5  

* The double bracket and arrow ind ica t e  the  combination 
of X j 2  and WB chosen f o r  each run. 
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Figure 1 

Nineteen Module Design 
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Figure 2 

Detailed Dimensions of E m i t t e r  Mask for 19-Module Design 
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Figure 3 

100 AMP TRANSISTOR 

Final Design 
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Figure 4: Net Impurity Density for a Gaussian Distribution 
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Typical Results of Computer Calculations 
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Transistor in Typical Common Emitter Circuit 
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I1 I. MATERIAL PREPARATION 

A. BXCKGRWND 

The present  method f o r  producing s i l i c o n  e p i t a x i a l  overgrowth on s i l i c o n  

involves  a c r y s t a l l i z a t i o n  from the  gaseous phase by t h e  a i d  of t he  

chemical r e a c t i o n  between s i l i c o n  t e t r a c h l o r i d e  and hydrogen a t  e leva ted  

temperatures.  

yea r s  f o r  t he  product ion of c r y s t a l s .  

S imi la r  such processes have been used f o r t h e  p a s t  100 

The s u b s t r a t e  on which or ien ted  c r y s t a l l i z a t i o n  of a s i n g l e  c r y s t a l  l a y e r  

t a k e s  place need not cons i s t  of a c r y s t a l  i d e n t i c a l  t o  the  c r y s t a l l i z i n g  

substance.  This  fol lows from numerous f a c t s  concerning e p i t a x i a l  over- 

growth t o  which many inves t iga t ions  have been devoted s ince  Frankenheim's 

tirne. It i s  s u f f i c i e n t  f o r  t he  l a t t i c e  of the  s u b s t r a t e  t o  possess the  

necessary met r ic  and energy compat ib i l i ty  w i t h  t h e  c r y s t a l l i z i n g  substance 

or even f o r  i ts su r face  t o  be compatible i n  met r ic  and energy r e spec t s  

wi th  a t  least one p r i n c i p a l  force  of t h e  c r y s t a l l i z i n g  substance. The 

k i n e t i c s  and r e g u l a r i t i e s  of such growth were thoroughly s tudied  by 

Danko~(~)who hrmulated t h e  p r inc ip l e  of c rys t a l log raph ic  correspondence. 

( 8 )  

The f i r s t  s t a g e  i n  c r y s t a l  growth from t h e  vapor phase m u s t  be t h e  forma- 

t i o n  of a nucleus. This  i s  t h e  sma l l e s t  number of atoms capable of sus- 

t a i n i n g  f u r t h e r  growth, u n i t s  smaller  than t h i s  tending t o  evaporate.  

This  r equ i r e s  molecules t o  condense i n t o  clusters and grow u n t i l  a 
c r i t i c a l  s i z e  has  been passed. 

i s  very high, i.e., i f  t h e  vapor is  supersa tura ted  then t h e r e  w i l l  be 

increased tendency f o r  t h e  molecules to  condense i n t o  c l u s t e r s  and grow 

i n t o  nuc le i .  

be very high; indeed, it can be shown supe r sa tu ra t ions  of about 50% may 

be necessary.  Supersa tura t ion  i s  usua l ly  def ined as a where 

Clear ly ,  i f  the pressure  of t he  molecules 

The supe r sa tu ra t ion  requi red  f o r  gruwth of a nucleus may 

a = A - 1  
PO 

(8) L. M. Frankenheim, Poggend. Ann., 37, 516, (1936). 
( 9 )  P. 3. Dankov, ''Proc. of the Second Conf. on t h e  Corrosion 

2, 120, (1943). 
-29 - 
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p = pressure of vapor 

po = equilibrium vapor pressure of t h e  
condensed phase a t  t h a t  temperature. 

Once formed, t h e  nucleus begins t o  grow. 

wi th  the  nucleus, d i f f u s e  over t h e  su r face  u n t i l  e i t h e r  they f i n d  a 

s u i t a b l e  s i t e  or f l y  o f f  i n t o  the vapor again. A t o m s  condensing on the  

su r face  l o s e  l a t e n t  h e a t  causing t h e  su r face  t o  be a t  a h ighe r  tempera- 

t u r e  than the bulk of t he  c r y s t a l .  
than the  bulk temperature have been suggested by Wilman (10) as a f a c t o r  

con t r ibu t ing  t o  the  mobil i ty  of atoms on t h e  su r face .  

Atoms from t h e  vapor c o l l i d e  

Surface temperature 100°C higher  

Atoms  condensing on the su r face  w i l l  p r e f e r  s i tes  wi th  a maximum number 

of nea res t  neighbors because a t  such s i t e s  t he  bonding energy i s  a t  a 

maximum. 

over the nucleus. A t  t h i s  point ,  f u r t h e r  condensation becomes d i f f i c u l t .  

For f u r t h e r  growth,suff ic ient  atoms m u s t  come toge the r  t o  form an i s l a n d  

"nucleus" on t h e  c lose  packed surface.  Once formed, t he  i s l a n d  may grow 

l a t e r a l l y  t o  t h e  e x t r e m i t i e s  of t h e  su r face  and then f o r  f u r t h e r  growth 

another  nucleus must be formed. This process i s  similar t o  the formation 

of t h e  o r i g i n a l  nucleus. 

Occupation of such sites would produce c l o s e l y  packed su r faces  

The concept of growth by two dimensional nuc lea t ion  has been considered 

by s e v e r a l  workers and i t  i s  poss ib l e  t o  e s t ima te  t h e  ra te  of nucleat ion;  

i.e., t he  r a t e  of formation of monolayer i s l a n d s  and a l s o  t o  estimate t h e  

degree of supe r sa tu ra t ion  required t o  cause d e t e c t a b l e  growth. The 

t h e o r e t i c a l  value of t he  l a t t e r  i s  of t h e  o rde r  of 25 t o  50%. However, 

i n  p r a c t i c e ,  it has been found t h a t  c r y s t a l s  may grow a t  l o w  supersatura-  

t i o n s  of about 1%. 

mechanism of c r y s t a l  growth which follows. He pointed ou t  t h a t  i f  atoms were 

added onto the s t e p s  of a screw d i s l o c a t i o n ,  a c l o s e  packed su r face  of 

t h e  type described i n  the  previous paragraph was never formed but i n s t ead  

a growth s p i r a l  r e su l t ed .  I t  should be r e a l i z e d  t h a t  t he  o r i g i n  of d i s -  

l o c a t i o n s  and growth s p i r a l s  i s  no t  completely understood. They may be 

This anomaly w a s  explained by Frank(") who proposed the  

(10) H. Wilman, Proc. Phys. S O C . ,  London, 1368, 474 (1955). 
(11) F. C. Frank, Disc. F a r i d a y  SOC., No. 5, 48 (1949). 
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c rea t ed  i n  the  nucleus by thermal a g i t a t i o n  or mechanical deformation o r  

introduced dur ing  subsequent development of the nucleus. This  suggests  

t h a t  t h e  d i s l o c a t i o n  dens i ty  can be reduced i f  condi t ions dur ing  growth 

are made as f r e e  from f l u c t u a t i o n s  (thermal and mechanical) as poss ib le .  

Since the  s u b s t r a t e  acts as a n  i n i t i a l  ”nucleus” i n  e p i t a x i a l  overgrowth, 

i t  might be expected t h a t  t h e  pe r fec t ion  of overgrowth would depend upon 

t h e  c rys t a l log raph ic  o r i e n t a t i o n  of t h e  subs t r a t e .  This  has  been observed 

i n  germanium where i t  w a s  found t h a t  t he  rate of germanium overgrowth w a s  

dependent on the  s u b s t r a t e  c r y s t a l  o r i e n t a t i o n  f o r  the  most densely packed 

f a c e s  <110’., <111>, and <loo>. 
i n  t he  planes of t hese  faces ,  condensing atoms w i l l  be o r i en ted  i n  t h e  

c o r r e c t  way. 

Owing t o  t h e  s t rong  bonding f o r c e s  a c t i n g  

The pe r fec t ion  of overgrowth a l s o  depends on t h e  temperature of t h e  sub- 

strate. It  has  been found t h a t  s i l i c o n  overgrowths prepared at  a sub- 

strate temperature of 127OOC show a high order  of p e r f e c t i o n  while  t h e  

overgrowths prepared a t  1175OC a r e  less pe r fec t .  

t h a t  dur ing  depos i t i on , the  high-surface mobi l i ty  of s i l i c o n  atoms 

a t t a i n e d  a t  127OOC is  e s s e n t i a l  f o r  good f i l m  per fec t ion .  

su r f ace  mobi l i ty  of s i l i c o n  atoms enables  them t o  d i f f u s e  over t h e  

s u r f a c e  and t o  f i n d  correct or ien ted  pos i t ions .  

These r e s u l t s  suggest  

The high- 

A f u r t h e r  requirement for the  prepara t ion  of good e p i t a x i a l  overgrowth 

is t h a t  t he  s u b s t r a t e  must be f r e e  from su r face  defec ts .  For example, 

i n  t h e  case of s i l i c o n  good e p i t a x i a l  overgrowth cannot be obtained i n  

t h e  presence of a s u b s t r a t e  su r face  oxide. The lat ter provides  nuclea- 

t i o n  si tes f o r  p o l y c r y s t a l l i n e  growth. 

I n  t h e  e p i t a x i a l  overgrowth of s i l i c o n ,  t h e  deposi ted s i l i c o n  i s  pro- 

duced by the  hydrogen reduct ion  of ha los i l anes  such as s i l i c o n  tetra- 

ch lo r ide ,  t he  reduct ion  of which may be represented by the  simple equat ion:  

SiC14 i- 2H2 f S i  + 4HC1. 
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This  equation does not p r e d i c t  t he  observed y i e l d  of o t h e r  ch lo ros i l ane  

compounds or the y i e l d  of high molecular weight polymers of t h e  homo- 

logous s e r i e s  (SiC12)xH2,  such as SilOClpoH2, found as a condensate on 

the  r eac t ion  w a l l s .  To account f o r  t h e  r e a c t i o n  products,  i t  is  poss ib l e  

t o  formulate numerous equations which r ep resen t  poss ib l e  r e a c t i o n  mech- 

anisms. The standard f r e e  energies  f o r  a f e w  of t hese  r e a c t i o n s  have 

been ca l cu la t ed  (See Table III) and i t  may be seen  t h a t  a l l  are  thermo- 

dynamically poss ib le .  

by means of gas chromatography, t he  r e a c t i o n  products of t h e  s i l i c o n  

t e t r a c h l o r i d e  and hydrogen reac t ion .  

An i n v e s t i g a t i o n  has  been c a r r i e d  o u t  t o  evaluate ,  

It has  been found t h a t  t he  e p i t a x i a l  overgrowth rate of s i l i c o n  i s  

e f f e c t e d  by the  hydrogen to  s i l i c o n  t e t r a c h l o r i d e  molar r a t i o  and a lso 

the  hydrogen flow rate .  The causes f o r  t hese  e f f e c t s  are not understood 

completely. I t  has  been suggested t h a t  owing to  the  r e l a t i v e l y  high 

a c t i v a t i o n  energy found f o r  the hydrogen-sil icon t e t r a c h l o r i d e  r e a c t i o n  

and reduction i n  growth r a t e  found by inc reas ing  t h e  molar r a t i o  above 

0.1 t h a t  the f o l l w i n g  mechanism i s  poss ib le .  F i r s t  t h e r e  i s  adsorpt ion 

of a s i l i c o n  subchloride,  probably the  f r e e  r a d i c a l  SiC13, on the  

s u b s t r a t e  surface and t h i s  i s  followed by l o s s  of chlor ine by r eac t ion  

wi th  hydrogen. However, the occurrence of adsorpt ion phenomena a t  high 

temperatures seems doubtful  and u n t i l  f u r t h e r  work has been c a r r i e d  

ou t ,  p a r t i c u l a r l y  on the  i d e n t i f i c a t i o n  of reaction products,  t he  k i n e t i c s  

of t h e  r eac t ion  of hydrogen with s i l i c o n  t e t r a c h l o r i d e  w i l l  remain 

obscure. 

B. RE'jLlIREMENTS FOR LPITAXIitL GROWTH 

The e p i t a x i a l  sur face  requirements f o r  the  100-amp t r a n s i s t o r s  are 

s t r i n g e n t ;  no d e f e c t s  are t o l e r a b l e  over t h e  e n t i r e  l a rge  area a c t i v e  

region. Small a r ea  devices  can t o l e r a t e  s eve ra l  d e f e c t s  s i n c e  these  

u n i t s  can be discarded. However, the presence of one d e f e c t  i n  the  
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100-amp conf igura t ion  would n u l l i f y  the  u n i t  because of t he  r e s u l t a n t  law 

vo l t age  o r  s h o r t  c h a r a c t e r i s t i c s .  It has been determined t h a t  a l l  ep i -  

t a x i a l  d e f e c t s  o r i g i n a t e  a t  t h e  s u b s t r a t e  e p i t a x i a l  l a y e r  i n t e r f a c e  and 

a r e  dependent on su r face  c leanl iness ,  s u b s t r a t e  pe r fec t ion  and system 

p u r i t y  . 
1. Subs t r a t e s  

The s u b s t r a t e s  used f o r  t he  100-amp devices  a r e  degenerate  i n  t h a t  they 

a r e  heavi ly  doped wi th  impuri t ies .  The doping l e v e l  of t h e  s u b s t r a t e  

w a s  s e l ec t ed  t o  o b t a i n  t h e  designed s a t u r a t i o n  vol tage  c h a r a c t e r i s t i c s ,  

Heavily doped s u b s t r a t e s  inherent ly  conta in  s u f f i c i e n t  i m p u r i t i e s  t o  

d i s t o r t  t he  c r y s t a l  l a t t i c e .  D i s to r t ions  caused by p r e c i p i t a t e s  o r  

i nc lus ions  w i l l  not permit a s u f f i c i e n t l y  good l a t t i c e  match f o r  de fec t -  

f r e e  e p i t a x i a l  g r w t h ,  These d i s t o r t i o n s  can be el iminated by ca re fu l  

s e l e c t i o n  of the  parent  c r y s t a l  growth condi t ions  and the  type of dopant. 

Evaluat ion of the  s u b s t r a t e  mater ia l  i s  accomplished by examination of 

t he  chemically pol ished su r face  p r i o r  t o  e p i t a x i a l  growth. 

pol ished su r face  was employed f o r  t h i s  device t o  in su re  a damage-free 

su r face  and t o  permit microscopic examination of the su r face  before growth 

was i n i t i a t e d .  

A chemically 

2. Subs t ra te  Prepara t ion  

Prepara t ion  of t he  s u b s t r a t e  mater ia l  before  e p i t a x i a l  growth is  a decid-  

ing  f a c t o r  i n  producing de fec t - f r ee  e p i t a x i a l  l ayers .  

i m p u r i t i e s ,  such as aluminum or i ron ,  are r e t a ined  by the  s u b s t r a t e  a f t e r  

t he  s l i c i n g  and doping operat ions.  

nuc lea t ion  sites dur ing  the  growth process.  

do not e f f e c t i v e l y  remove these heavy metals .  However, chemical techniques,  

such as r e a c t i v e  ch lo r ide  acids ,  convert  most heavy metals  t o  water so lub le  

metal  ch lor ides  and are e a s i l y  removed 

water.  

Heavy metal 

These can g ive  r i s e  t o  fo re ign  

Wetting agents  o r  so lven t s  

by subsequent r i n s i n g  i n  deionfzed 
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3. Epi tax ia l  System Pur i ty  

Ep i t ax ia l  growth pe r fec t ion  i s  a l s o  dependent on system pur i ty ,  t h a t  is ,  

the  environment i n  which t h e  chemical reduct ion  of t h e  ha l ide  takes  

place.  

a. 

be of good qual i ty .  The hydrogen used f o r  t he  reduct ion  i s  passed through 

a Deoro u n i t  to remove traces of oxygen and then through a dryer  t o  remove 

water t o  a p u r i t y  of less than lppm. 

micron f i l t e r s  t o  remove fo re ign  p a r t i c l e s  before they e n t e r  t h e  r e a c t i o n  

chamber. 

Gas System -- The gases used i n  t h e  e p i t a x i a l  process m u s t  

A l l  gases are f i l t e r e d  through s u b  

The con t ro l  of the gases, t h e  va lv ing  and p ip ing  requi red  t o  mix and 

d i l u t e ,  switching and metering a r e  a l l  done i n  a system t h a t  i s  l eak  

proof. The materials of cons t ruc t ion  are Tef lon  and qua r t z  

t o  maintain gas pur i ty  p r i o r  t o  the  r e a c t i o n  chamber. 

b. Reactor -- A ho r i zon ta l  RF heated e p i t a x i a l  system w a s  used 

f o r  a l l  t he  100-amp device s u b s t r a t e s  (Figure 9 ). The susceptor  was 

a pure grade of graphi te  coated wi th  s i l i c o n  carbide.  The s i l i c o n  

carbide is deposited on t h e  graphi te  under the  same condi t ions requi red  

f o r  e p i t a x i a l  growth t o  in su re  a noncoritaminating o r  d e f e c t  con t r ibu t ing  

source. 

The r e a c t o r  tube was of quar tz  and the  susceptor  i s  supported on a quar tz  

s led .  Reactor tube and susceptor  loading is accomplished i n  a p o s i t i v e  

pressure  hood t o  minimize d u s t  o r  environmental par t ic les  from contami- 

na t ing  the sur faces  of the  slices. 

C. Epi tax ia l  Procedure -- The e p i t a x i a l  procedure f o r  t h e  100-amp 

device cons i s t s  of hea t ing  the  s u b s t r a t e s  t o  1200°C i n  a f i l t e r e d  dry  

hydrogen atmosphere. Pure gaseous HC1 i s  introduced t o  e t c h  t h e  sub- 

s t r a t e s  p r io r  t o  growth. The r e a c t i o n  of HC1 and s i l i c o n  i s  the  reverse  
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of t h e  depos i t ion  r e a c t i o n  and permits t h e  removal of t h e  las t  t r a c e s  of 

work damage caused by chemical pol ishing.  

4HC1 + S i  ----> SC14 + 2H2 

S u f f i c i e n t  s i l i c o n  i s  removed t o  in su re  a l a t t i c e  match f o r  t he  growth 

ope r a t ion .  

The HC1 procedure i s  followed with a pure hydrogen t reatment  a t  120OoC 

t o  c l ean  out  t he  r e a c t i o n  a r e a  of any ch lo r ides  which could act as 

nuc lea t ion  sites. The c o l l e c t o r  area depos i t ion  fol lows f o r  t he  designed 

th ickness  and the  r e s i s t i v i t y  i s  cont ro l led  t o  8-12 ohm-cm N-type. Af te r  

t he  c o l l e c t o r  has been deposi ted,  t h e  system is purged wi th  pure hydrogen 

a t  120OoC t o  remove the  r e s i d u a l  t r a c e s  of t he  gases from the  c o l l e c t o r  

deposi t ion.  The 

4-5u of P, 0.1 ohm-cm. 

are used to  con t ro l  t h e  r e s i s t i v i t y  i n  t h e  e p i t a x i a l  l ayers .  

growth of t he  base l a y e r  t he  system i s  cooled f o r  removal of t h e  subs t r a t e s .  

base l a y e r  depos i t ion  then fol lows t o  give a l a y e r  of 

Gaseous dopants such as phosphine and diborane 

After the  

C. EVALUATION 

1. Resistivity 

The r e s i s t i v i t y  of t h e  grown l aye r s  was 

and a four-point  Probe 

mined by th ree  po in t  readings on a s i n g l e  Nf" depos i t ion .  

determined using a three-poin t  

(Figure 10)- The c o l l e c t o r  r e s i s t i v i t y  w a s  d e t e r -  

2. Layer Thickness 

The th ickness  of t he  deposi ted l aye r s  w a s  accomplished by angle  lapping 

and s t a i n i n g  techniques.  

were used t o  determine ac tua l  l aye r  th icknesses  (Figure 11). 

In ter fe rence  measurements w i th  sodium l i g h t  

3. Surface d u a l i t y  

Visual examination, microscopic techniques, and chemical e t ch ing  of t he  

su r face  were used f o r  sur face  evaluat ion.  

v i s u a l  examination of the a c t i v e  area of t he  deposi ted s u b s t r a t e ,  t he  

I f  any d e f e c t  w a s  found under 
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s l i c e  w a s  re jec ted .  

i nc lus ions  on 

Units  f a b r i c a t e d  from s l i c e s  conta in ing  poly 

t e t r a h e d r a l s  always gave l o w  vo l t ages  (VcB of 5-10 v o l t s ) .  

The sur faces  were a l s o  etched i n  a chromic oxide, hydrof luor ic  acid,  

water  mixture t o  determine the  number of s t ack ing  f a u l t s  present .  
2 of 8-20 per c m  were the  usual case. 

Counts 

Microscopic examination was used t o  determine the  presence of d e f e c t s  

not seen by the  visual techniques.  

u n i t s  were achieved on those s l i c e s  t h a t  passed through the  v i s u a l  

exarnina t ion. 

However, y i e l d s  of 90% good e l e c t r i c a l  

Table I V  compares the  e l e c t r i c a l  c h a r a c t e r i s t i c s  of mesa diodes on one 

s l i c e  wi th  an e p i t a x i a l  c o l l e c t o r  and base wi th  mesa diodes etched on a 

s l i c e  w i t h  an e p i t a x i a l  c o l l e c t o r  and d i f fused  base. 

depos i t ion  is i l l u s t r a t e d  here  a s  wel l  as  t he  l a w  leakage c a p a b i l i t i e s  

of t h e  e p i t a x i a l  process.  

Uniformity of 
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TABLE 111 

StaAarO Free Energies f o r  Typical Silicon Reactions 

Reaction 

Standard Free Energy 
for Reaction 

a t  1553x (1270'C) 

SiC14 + 2H2 S i  + 4HC1 -1.9 Kcal/mol. 

SiC12 + H2 + S i  + 2HCl -1.2 
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TABLE I V  

I V  Characteristics of Mesas in Diffused 
and Epitaxial P-N Junctions 

Diffused Junction Epitaxial Junction 
Mesa After Boron Diffusion (wi thout Get te rind 

1 
2 

3 

4 

5 

6 

7 
8 

9 
10 

11 

1 2  

13 

14 

15 

16 

1 7  
18 

19 

l O O V ,  80mA 

30V, 8OmA 

80V, 80mA 

200V, 15mA 

200v, 5mA 

l O V ,  90mA 

30V, 9OmA 

200v, 15InA 

200v, 15mA 

200V, 8 m ~  

9OV, 80mA 

40V, 30mA 

lOOV,  9Oml 

160V, 5OmA 

40V, 5onA 

9OV, 80mA 

6V, 80mA 

36V, 9OmA 

32V, 90mA 
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200v, 1mA 
200v, 1mA 

200v, 1mA 

200v, 1mA 

200v, 1mA 

200v, 2mA 

200v, 1mA 

200v, 1mA 
200v, 5mA 

200v, 3mA 

200v, 4 d  

200v, 3mA 

200v, 1mA 

200v, 2mA 

200V, 2mA 

180V, 1mA 

180V, 2mA 

180V, 1mA 

180V, 21nA 





I 
I 
I 
I 
I 
1 
I 
I 
1 
1 
I 
1 
I 
1 
I 
I 
1 





~ 

IV. DEVICE FABRICATION 

Two major processes were used t o  f a b r i c a t e  the  lOOA t r a n s i s t o r  f o r  t h i s  

con t r ac t .  I n  Process A t he  c o l l e c t o r  w a s  grown e p i t a x i a l l y  and the base 

and the  emitter regions were formed by d i f f u s i o n .  I n  Process B the  

c o l l e c t o r  and the base regions a r e  grown e p i t a x i a l l y  and the e m i t t e r  

region i s  formed by d i f fus ion .  The d e t a i l s  of these processes are 

given i n  t h i s  s ec t ion .  These can be more f u l l y  appreciated i f  t h e  flow 

cha r t s ,  Figures 12 and 1 3  are followed as the s e c t i o n  i s  read. 

A. PROCESS A - DOUBLE DIFFUSED, SINGLE EPITAXIAL 

1. Ep i t ax ia l  Growth 

The d e t a i l s  of the e p i t a x i a l  process are given i n  the s e c t i o n  on mate- 

r i a l  preparat ion (Section 111). 

2. Sandblastinq I 
The purpose of t h e  sandblast ing was t o  c u t  the s i z e  of t he  wafer from 

1 inch t o  .93 inch, which w a s  t he  s i z e  of t he  moly. The s l i c e s  were 

mounted with wax on a copper s tud  and sandblasted t o  the  s i z e  of t he  

moly. 

3. Boron Diffusion 

The slices were subjected t o  p red i f fus ion  cleaning as descr ibed i n  Table 

V (which gives i n  t a b u l a r  form a l l  t he  process descr ibed below). 

A t h i n  layer  of boron was deposited on the  top  of t he  c o l l e c t o r  region. 

The s l i c e s  were t r a n s f e r r e d  d i r e c t l y  t o  t h e  boron d r i v e - i n  furnace and 

were given the  required base d r ive .  The con t ro l  s l i c e  w a s  removed, the 

oxide etched, the shee t  r e s i s t i v i t y  measured by the  four-point  probe 

method and t h e  corresponding su r face  concentrat ion w a s  determined from 

Irwin 's  curve. 
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4.  Emit ter  Masking 

The slices were coated with a uniform f i lm  of Kodak Metallic Etch R e s i s t  

(KMER) us ing  a high speed sp inner  (Figure 14).  

was 3000 r evo lu t ions  per  minute and t h e  wafer was spun f o r  45 seconds.) 

The coa ted  wafer was placed i n  a n  oven and baked f o r  10 minutes a t  95OC. 

One of t h e  s l i c e s  from each group was used t o  f a b r i c a t e  c o n t r o l  t r a n s i s -  

t o r s .  

e m i t t e r  mask was placed i n  t h e  f i x t u r e  and the  wafer was brought i n  

con tac t  with i t .  The mask shown i n  F igure  15 w a s  used f o r  t h e  c o n t r o l  

s l i c e  and the  mask shown i n  Figure 16 was used f o r  t he  l a r g e  area lOOA 

t r a n s i s t o r .  

v i o l e t  l i g h t  w a s  used t o  polymerize t h e  r e s i s t  which w a s  no t  pro tec ted  

by t h e  opaque a r e a s  of t h e  mask. The unpolymerized resist w a s  then 

removed by spraying the  e n t i r e  sur face  wi th  resist developer f o r  30 

seconds. 

seconds. 

e n t i r e  p a t t e r n  w a s  then inspec ted  under a high power microscope (Figure 17). 

The s l i c e s  t h a t  showed d e f e c t i v e  pa t t e rns  had t h e  p h o t o r e s i s t  s t r i p p e d  

o f f  and w e r e  recoated with pho to res i s t  and the  above process  w a s  repeated.  

These wafers w e r e  then baked i n  an oven f o r  30 minutes a t  15OoC. 

oxide was then etched t o  expose the  area f o r  t h e  e m i t t e r  d i f fus ion .  

was etched f o r  5 minutes using a so lu t ion  conta in ing  alnmonium f l u o r i d e  

and s u l f u r i c  a c i d  i n  t h e  r a t i o  6: l .  It w a s  then r in sed  with deionized 

water and blown dry wi th  n i t rogen .  

from the top  of t he  slices by p lac ing  it i n  h o t  s u l f u r i c  a c i d  (50O0C) f o r  

20 minutes. It was  then r i n s e d  w i t h  deionized water f o r  5 minutes and 

placed i n  ho t  deionized water  (40OOC) f o r  20 minutes. 

were blown dry with n i t rogen .  

d i f f u s i o n .  

(The speed of t h e  spinner  

The wafer was piaced on a s e l f  leveling a'rigrment f ix t i i r e .  The 

When t h e  con tac t  and the  alignment was completed, an  u l t r a -  

This  was then followed by a spray of isopropyl  a l coho l  f o r  30 
The wafer was blown d ry  wi th  n i t rogen  f o r  30 seconds. The 

The 

It 

The pho to res i s t  w a s  then  removed 

F i n a l l y ,  the slices 

The slices w e r e  then ready f o r  emitter 
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5. E m i t t e r  Diffusion 

Before emit ter  d i f f u s i o n ,  t h e  s l i c e s  were given t h e  d i f f u s i o n  cleaning 

previously explained. The emi t t e r  d i f f u s i o n  was done i n  t h e  furnace 

shown i n F i g u r e  18. The furnace was maintained a t  a temperature of 

1000°C over a f l a t  zone of 12 inches.  

The wafers t o  be deposited were removed from t h e  p l a s t i c  con ta ine r  with 

tweezers and blown dry with N2 which passed through a m i l l i p o r e  f i l t e r .  

The d r i e d  wafer was then placed on t h e  N+ depos i t  boa t ,  which w a s  located 

under a h e a t  lamp (Figure 19) .  

t h i s  manner w i t h  t h e  N j e t  placed under t h e  lamp, the  boat  w a s  allowed t o  

remain t h e r e  f o r  5 minutes. 

After  a l l  t h e  wafers have been d r i ed  i n  

2 

Pr io r  t o  a c t u a l l y  placing t h e  wafer-holding boat  i n t o  t h e  d i f f u s i o n  

furnace,  t h e  d i f f u s i o n  sys t em had t o  be purged i n  t h e  following manner: 

(1) t h e  source was allowed t o  flow through t h e  d i f f u s i o n  tube f o r  2 

minutes;  (2) t he  source gas was shut  o f f  and t h e  system was allowed t o  set  

f o r  2 minutes; ( 3 )  1 minute was allowed t o  load t h e  boat which has been 

under t h e  heat  lamp; ( 4 )  t h e  boat and wafers were permitted t o  remain i n  

the  f l a t  zone f o r  2 minutes. This w a s  done t o  allow boat  and wafers t o  

reach t h e  f l a t  zone temperature before  s t a r t i n g  t h e  d i f f u s i o n  cycle;  

(5) t he  c a r r i e r  gas was allowed t o  flow through the  B B r  

t he  d i f f u s i o n  tube f o r  60 minutes; ( 6 )  a t  t h e  conclusion of t h e  run,  t h e  

source w a s  shut off and the  wafer permitted t o  s i t  i n  t h e  f l a t  zone f o r  an 

a d d i t i o n a l  2 minutes; ( 7 )  t h e  boat w a s  withdrawn and t h e  wafer allowed t o  

coo l  t o  room temperature. 

source and through 3 

Upon completion of t h e  # depos i t i on  cyc le ,  i t  i s  e s s e n t i a l  t h a t  t h e  

su r face  concentrat ion of t h e  deposited l aye r  be determined. 

found from the  shee t  r e s i s t i v i t y  ( p s )  and depth ( X . )  of the layer.  

This was 

J 
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The oxide was etched by i m e r s i n g  the  wafers i n  concentrated (48%) 
hydrof luor ic  a c i d  f o r  2 minutes. Af te r  t h e  HF e t c h ,  t he  wafers  were 

r i n s e d  i n  running deionized H 0 f o r  3 minutes and d r i e d  under a h e a t  

lamp. 
2 

The d r i e d  wafer w a s  then placed i n  t h e  four-point  probe and the shee t  

r e s i s t i v i t y  read. 

of a deposi ted wafer on a 3 O  angle  block. 

mounted on t h e  beveled p a r t  of t he  block wi th  wax. 

wax t o  harden, t h e  samples were pol ished on a pol i sh ing  wheel. The 

l i q u i d  and s o l i d  po l i sh ing  ma te r i a l s  were then removed by gen t ly  swabbing 

the  sample with a warm,  mild soap so lu t ion .  

thorough r i n s e  under running deionized H 0 (at least 1 minute). 

sample was then blown dry  wi th  f i l t e r e d  n i t rogen .  

be s t a ined  with t h e  proper a c i d  t o  d e l i n e a t e  t h e  junct ion.  

graphic  record of t he  in t e r f e rence  f r i n g e s  was then obtained (Figure 20) 

and thus  junc t ion  depth was d i r e c t l y  measured. 

The junc t ion  depth was done by sec t ion ing  a po r t ion  

Such a po r t ion  was f i r s t  

Af te r  allowing t h e  

This  w a s  followed with a 

The 2 
It w a s  now ready t o  

A photo- 

The su r face  concent ra t ion  of t h e  deposi ted l aye r  w a s  determined from 

I rwin ' s  curves. 

6. Emitter-Base Contact Masking 

The con tac t  a r e a s  on t h e  s l i c e s  w e r e  exposed us ing  t h e  e m i t t e r  base 

contac t  mask. The mask used for t h e  l a rge  area lOOA t r a n s i s t o r  is 
shown i n  Figure 21, and t h a t  used f o r  t h e  small area 1 0 A  t r a n s i s t o r  is 

shown i n  F igure  22. 

descr ibed above. The c o l l e c t o r  s i d e  of t h e  slices were sandblasted.  

The s l i c e s  w e r e  then mounted on g l a s s  p l a t e s  wi th  t h e  c o l l e c t o r  s i d e  

exposed and it w a s  than  sandblasted and cleaned t o  remove t h e  p o s s i b l e  

depos i t ion  of P+ l aye r  on t h e  c o l l e c t o r  s ide .  

t o  mount on moly. 

The photomasking and the  e t ch ing  were done as 

The slices w e r e  now ready 
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7. Hard Solder ing - Mounting on Moly 

Four f ac to r s  are necessary f o r  successfu l  "hard solder ing;"  these  a re :  

(1) removal of sur face  f i lms ;  (2) at ta inment  of a proper cyc le  of time, 

temperature and atmosphere; (3) p lanar  con t ro l  ( f l a t n e s s ) ;  and (4) s u r -  

face  f i n i s h  (roughness). 

proper extensive cleaning methods, t he  second by a high vacuum cyc le ,  

the  t h i r d  by a lapping opera t ion  and the  f i n a l  f a c t o r  by an e t ch ing  

processing, These a re  descr ibed i n  d e t a i l  i n  Table V . 

Each of these  were achieved. The f i r s t  by 

8. Metal iz ing 

The purpose of metal contac t ing  i s  e s s e n t i a l l y  t o  produce a l o w  resis- 

tance e l e c t r i c a l  path between the  a c t i v e  junc t ion  a rea  and the  t h r e e  

ex te rna l  leads of the  packaged t r a n s i s t o r .  Therefore,  the  requirements 

f o r  t r a n s i s t o r  meta l iz ing  a r e  the  same a s  those f o r  any o ther  passive 

e l e c t r i c a l  connector. These requirements a re :  (1) ohmic contac t  between 

the ma te r i a l s  t h a t  i t  connects; (2) lowest poss ib le  vo l t age  drops w i t h i n  

the body of t he  contac t ing  metal ;  (3) e l e c t r i c a l  i s o l a t i o n  of metals  a t  

d i f f e r e n t  po ten t i a l s .  Aluminum was chosen a s  the  meta l iz ing  ma te r i a l  

because i t  appeared t o  possess the  g r e a t e s t  p o t e n t i a l  f o r  f u l f i l l i n g  the  

requirements of a good masking procedure combined with e tch ing  of t he  

metal. 

A l o w  r e s i s t ance  ohmic connection can be made between aluminum and s i l i -  

con through the  e u t e c t i c  a l l o y  formed a t  57OOC. 

t o  a s i l i c o n  su r face  by vacuum evaporation. 

Alluminum can be appl ied 

P r io r  t o  evaporation, t h e  wafers a r e  sur face  cleaned. Two tungs ten  c o i l s  

a r e  placed i n  the  evaporator  and each i s  loaded wi th  s u f f i c i e n t  aluminum 

t o  evaporate 40,0001. 

the  two coils. 

pressure of t o r r .  Each c o i l  is  evaporated sepa ra t e ly  a t  5-minute 

i n t e r v a l s .  The photograph of t he  aluminum evaporator  is shown i n  

The cleaned wafers a r e  placed two-inches away from 

The system i s  then evacuated t o  the  f i n a l  evaporat ion 
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Figure  23. 

a s  determined by t h e  design considerat ions.  

t r a n s f e r r e d  t o  t h e  pho to res i s t  area. 

The f i n a l  th ickness  of aluminum should be 40,000 t o  60,000~, 

The wafers a r e  immediately 

9. Inverse Masking 

The inverse  emitter base contac t  mask w a s  used t o  de f ine  t h e  aluminum 

pa t t e rn .  

mask f o r  t h e  10A module. 

F igure  24 shows t h e  mask f o r  t h e  lOOA module and Figure  25 t h e  

10. Alloying 

The e l e c t r i c a l  contac t  made between t h e  evaporated aluminum f i l m  and t h e  

s i l i c o n  sur face  a f t e r  evaporation i s  nonohmic. A hea t  t reatment  i s  

necessary t o  lower t h i s  contac t  r e s i s t ance ;  however, it is  not  necessary 

t o  hea t  t h e  wafers t o  t h e  aluminum-silicon e u t e c t i c  temperature t o  achieve 

t h e  ohmic contac t ,  s i n c e  su r face  a l loy ing  occurs a t  temperatures ranging 

from 500 t o  570OC. 

P r i o r  t o  h e a t  t r e a t i n g ,  t h e  wafers are cleaned t o  remove sur face  con- 

taminants.  The wafers are placed i n  a c lean  quar tz  boat and i n s e r t e d  

i n t o  t h e  hot  zone of a n i t rogen  flushed open-tube furnace. 

a r e  then cooled i n  dry n i t rogen .  

The wafers 

11. Mesa Etching 

The co l lec tor -base  junc t ion  w a s  exposed by mesa etching.  

used f o r  t h e  10-amp t r a n s i s t o r  i s  shown i n  Figure 26, and t h a t  used f o r t h e  

100-amp t r a n s i s t o r  is shown i n  Figure 27. The photomasking, oxide e tch ing  

and t h e  removal of pho to res i s t  were done exac t ly  as descr ibed before.  

The mesa mask 

12. Junct ion Coating 

The exposed junc t ion  of t h e  100-amp w a s  c a r e f u l l y  coated with g lyce r in  

and baked i n  an oven f o r  16 hours a t  80OoC. After  16 hours ,  t h e  t r an -  

s i s t o r s  were removed from t h e  oven, w e r e  allowed t o  coo l  and w e r e  t e s t e d  

f o r  e l e c t r i c a l  c h a r a c t e r i s t i c s .  Those t r a n s i s t o r s  t h a t  showed good elec- 

t r i c a l  c h a r a c t e r i s t i c s  were used f o r  encapsulat ion.  
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B. PROCESS B - DOUBLE EPITAXIAL. SING= DIFFUSED 

After  s e v e r a l  t r a n s i s t o r  l o t s  were f a b r i c a t e d  and evaluated it was 

determined tha t  although t h e  gain was adequate t h e  devices exh ib i t ed  

poor vo l t age  c h a r a c t e r i s t i c s .  Several approaches were taken t o  i s o l a t e  

t h e  problem. 

1. The l a rge  u n i t s  were etched i n t o  s m a l l  mesas and t h e  vo l t ages  

of t h e  mesas measured. 

are given i n  Table V I .  

mesas are considerably b e t t e r  than t h a t  of t h e  l a r g e  u n i t .  This seems 

t o  i n d i c a t e  t h a t  low vo l t age  of t h e  l a r g e  area t r a n s i s t o r  w a s  mainly due 

t o  t h e  non-uniform q u a l i t y  of t h e  e p i t a x i a l  growth over a l a r g e  area. 

The vo l t ages  f o r  both t h e  l a r g e  and s m a l l  u n i t s  

It i s  seen t h a t  t h e  vo l t ages  of some of t he  s m a l l  

2. The q u a l i t y  of t h e  d i f f u s i o n  process w a s  then examined. The 

base d i f fus ion  w a s  done on 20 ohm-cm non-ep i t ax ia l  s l i c e s  and BV of CBO 
each s l ice  was measured. The e m i t t e r  d i f f u s i o n  was done on the  t o p  

of  t h e  base diffused l aye r .  

oxide masking. 

150 v o l t s  a t  500 m a ,  which i n d i c a t e s  t h a t  t h e  d i f f u s i o n  process i s  

capable of producing high vo l t ages .  

high. 

by loca t ing  and removing d e f e c t i v e  areas of t h e  device.  

show t h a t  vol tage i s  improved when t h e  defect  i s  removed. 

Both d i f f u s i o n s  were done without any 

The r e s u l t s  show t h a t  most of t h e  s l i c e s  have BV,,,) 

B u t  t h e  leakage seemed t o  be q u i t e  

E f f o r t  w a s  a l s o  expended t o  see whether vo l t ages  could be improved 

The r e s u l t s  

To e l imina te  t h e  problem of low vo l t age  and high leakage of l a r g e  area 

devices ,  an inves t iga t ion  was s t a r t e d  with t h e  c o l l a b o r a t i o n  of t h e  

Westinghouse Research group. This  i n v e s t i g a t i o n  cons i s t ed  in :  (1) locat-  

ing t h e  s t r u c t u r a l  imperfections introduced during t h e  e p i t a x i a l  growth 

and d i f fus ion  process ,  and (2)  introducing techniques t o  e l imina te  these  

imperfections. 
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A s  a p a r t  of t hese  i n v e s t i g a t i o n s ,  an a l t e r n a t e  process  was i n i t i a t e d .  

The c o l l e c t o r  and t h e  base regions were grown e p i t a x i a l l y  and t h e  emitter 

region w a s  formed by d i f fus ion .  'Rie vol tages  (ITcn) of t h e  l a r g e  a rea  

slices w e r e  measured. Af te r  the base growth, one of t h e s e  s l i c e s  was 

etched i n t o  small mesas and vol tage  w a s  again measured. 

diffcsicr? N=Q Gone mer the whole base region and t h e  vo l t age  (V 
w a s  aga in  measured. The r e s u l t s  i n d i c a t e  t h a t  t he  breakdown c h a r a c t e r i s t i c s  

of t h e  e p i t a x i a l l y  grown junc t ion  a r e  very uniform and t h e  leakage i s  very 

small. 

The emitter 

) CE 

A s  a r e s u l t  of t hese  inves t iga t ions ,  i t  was decided t h a t  double-ep i tax ia l  

s i n g l e  d i f fused  design should be used t o  process t h e  t r a n s i s t o r  f o r  t h i s  

con t r ac t .  

Process B d i f f e r s  from Process A by t h e  i n s e r t i o n  of two s t e p s  between 

t h e  growth of t h e  epi taxial  c o l l e c t o r  and t h e  emitter masking. 

a d d i t i o n  was accompanied by the  e l imina t ion  of t h e  boron d i f f u s i o n  s t e p .  

The add i t ions  a re :  

This  

1. b i t a x i a l  Base Growth 

This i s  e s s e n t i a l l y  similar to  the  previous s t e p ,  e p i t a x i a l  c o l l e c t o r  

growth. 

2. Oxidation 

Af te r  growing t h e  collector and base regions e p i t a x i a l l y ,  t h e  s l i c e s  were 

d i r e c t l y  t r a n s f e r r e d  t o  t h e  oxidat ion fu rnace .  The oxide l aye r  w a s  

deposi ted a t  a temperature of 1000°C f o r  120 minutes t o  g ive  an oxide 

th ickness  of 4000x. 

wax and sandblasted a s  descr ibed e a r l i e r .  

The s l i c e s  were then mounted onto a copper s tud  with 
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TABLE V 

100-AMP PROCESS DETAILS 

PRE-DIFFUSION CLEAN 

1, Hot s u l f u r i c  ac id  -- 15 minutes 

2. Rinse deionized water -- 5 minutes 
3. Hot n i t r i c  ac id  -- 15 minutes 

4. Rinse deionized water  -- 10 minutes 
5. 

6. Second hot t r i p l e - d i s t i l l e d  water  -- 5 minutes 

7. Store  t r i p l e - d i s t i l l e d  water  

Temperature -- 250 

Temperature -- 200 

Hot t r i p l e - d i s t i l l e d  water  -- 5 minutes 
Temperature -- 350 

Temperature -- 350 
COATING 

1. Coat w i t h  2 : l  KMER 
2. S p i n , f o r  45 seconds, 3000rpm 
3. Bake 10 minutes i n  95" oven 

EMITTER MASK 

1. Mask No. 142-1B 
2, E x p o s e  f o r  20 seconds 
3. 
4. 
5. Spray with n i t rogen  air for 30 seconds 
6. Bake 30 minutes in 150" oven 

Spray with developer f o r  30 seconds 
Spray with propanol a lcohol  f o r  30 seconds 

ETCH OXIDE 

1. 6 : l  oxide e t ch  
a. 6 - amnonium f l u o r i d e  
b. 1 - H F  

2. 

3. Remove pho to res i s t  

Etch f o r  5-6 minutes u n t i l  oxide i s  removed, r i n s e  deionized water,  
a i r  dry n i t rogen  

a. Hot s u l f u r i c  ac id  - f o r  20 minutes;  temperature 500 
b. Place second s u l f u r i c  acid - f o r  15-20 minutes 
c. Rinse deionized water  - 5 minutes 
d. Place hot deionized water - 20 minutes; temperature 400 
e. Place second deionized water - 20 minutes;  temperature 400 
f .  A i r  dry n i t rogen  

(continued on fol lowing page) 

- i o -  

. I 

'I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
1 
I 
I 



1 ’  
I’ 

I 
I 
I 
I 
1 
I 
1 
I 
I 
I 
I 
1 
I 
1 
1 
I 

TABLE V (continued) 

EMITTER BASE C O N ”  MASK 

I. Same as €or emitter mask 
2. Oxide e t ch  f o r  3-4 minutes 
3. Remove p h o t o r e s i s t  as before 

CLEANING OF MATERIALS FOR HARD SOLDERING 

1. ohmic 
a. 

b. 

d. 
e. 

f .  

g -  
h. 

i. 
3 .  
k. 
1. 

2. Moly 
a. 

b. 

d. 
e. 

C. 

C. 

f .  
g. 

h. 
i. 
j. 
k. 
1. 

Solder  
B o i l  i n  t r i ch lo roe thy lene  f o r  a t  l e a s t  2 minutes;  do no t  
allow the  t r i ch lo roe thy lene  to  b o i l  dry. 
Rinse i n  a lcohol  thoroughly. 
Rinse aga in  i n  alcohol. 
D r y  p a r t s  us ing  c l ean  paper towels. 
Etch p a r t s  f o r  10 minutes, a g i t a t i n g  con ta ine r  f o r  the  
whole 10 minutes. Etchant: 5 p a r t s  n i t r i c  acid,  1 p a r t  HF. 
Flush e t chan t  and p a r t s  wi th  a lcohol  a f t e r  10 minutes of 
e tch ing;  a g i t a t e  vigorously.  
Rinse i n  deionized water several times. 
Place p a r t s  i n  c l ean  beaker of water and u l t r a s o n i c  r i n s e  
for a t  least one minute. 
Rinse i n  deionized water. 
Rinse i n  alcohol  s eve ra l  times. 
Dry p a r t s  us ing  c l ean  paper towels. 
Place p a r t s  i n  c l ean  p e t r i  d i s h  f o r  s to rage  u n t i l  use. 

Boi l  i n  t r i ch lo roe thy lene  f o r  a t  l e a s t  2 minutes;  do not  
a l l o w  t h e  t r i ch lo roe thy lene  t o  b o i l  dry. 
Repeat 81 i f  p a r t s  a re  excess ive ly  greasy. 
R i n s e  i n  a lcohol  thoroughly. 
Repeat #3 . 
Etch p a r t s ;  have three  con ta ine r s  placed i n  bottom of s ink ,  
i n  con ta ine r  #1 put e tchant  c o n s i s t i n g  of:  
(deionized),  5 p a r t s  n i t r i c  acid,  1 p a r t  s u l f u r i c  acid. In 
t h e  second con ta ine r  put concentrated hydrochlor ic  ac id  (HC1) 
and i n  t h e  t h i r d  container  put deionized water. Etch as 
f o l l a v s :  con ta ine r  #l - 5 seconds; con ta ine r  X2 - 10 seconds; 
con ta ine r  63 - rinse thoroughly. P a r t  con ta ine r  should be 
moved duick ly  from one conta iner  t o  the  next  without  de lay  
between etches.  
Rinse p a r t s  i n  running deionized water. 
Place p a r t s  i n  a c lean  beaker of water and u l t r a s o n i c  r i n s e  
f o r  a t  least one minute. 
R i n s e  thoroughly i n  deionized water.  
Rinse i n  alcohol .  
Repeat r i n s e  i n  alcohol . 
Dry p a r t s  us ing  clean paper towels. 
Place p a r t s  i n  c l e a n  p e t r i  d i s h  f o r  s to rage  u n t i l  use. 

5 p a r t s  water 

(continued on fo l lowing  page) 
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TABLE V (continued) 

3. S i l i c o n  Devices 
a. 

b. 
C. Rinse thoroughly i n  a lcohol .  
d. 
e. 
f .  Rinse i n  deionized water seve ra l  times. 
g. Rinse i n  a lcohol  thoroughly. 
h. 
i. 

(NOTE: 

Boil p a r t s  i n  t r i ch lo roe thy lene  f o r  a t  least 2 minutes;  do not  
allow the  t r i ch lo roe thy lene  t o  b o i l  dry. 
Repeat 81 i f  p a r t s  a r e  excess ive ly  greasy. 

Dry p a r t s  using c l e a n  f i l t e r  paper and c l ean  paper towels. 
Etch f o r  5 minutes i n  concentrated HF. 

Dry p a r t s  using c l ean  f i l t e r  paper and c l e a n  paper towels. 
Place Parts i n  c l ean  p e t r i  d i s h  f o r  s to rage  u n t i l  use. 

Place p a r t s  i n  g l a s s  s l ice  holder  f o r  s t e p  ' a ' . )  

INVERSE EMITTER BASE CONTACT MASK 

1. After  aluminum evaporate  
2. Coat KMER as before  
3. Bake 10 minutes 
4. 
5. Bake 15 minutes 150' oven 

Same exposure as before  and same developing t ime as before  

ALUMINUM ETCH 

1. Aluminum e tch  -- 400 phosphoric, 40 n i t r i c ,  100 H20 
2. Etch u n t i l  aluminum is  removed from e i t t e r - b a s e  contac t  a r ea  
3. Rinse i n  deionized water  
4. A i r  dry n i t rogen  

ALLOY 
1. One minute n i t rogen  furnace 
- 

SANDBLAST BACKS AND FTCH 

1. Etch f o r  2 minutes i n  s i l i c o n  e t ch  
2. S i l i c o n  e t ch  -- 15 n i t r i c ,  5 a c e t i c ,  1 HF 

SANDBLAST FOR MESA AND SPIN ETCH 

1. 
2. Rinse f o r  3 minutes i n  deionized water ;  s p i n  dry  f o r  2 minutes 

Spin e tch  f o r  45 seconds, 5 : l : l  -- 5 n i t r i c ,  1 phosphoric, 1 HJ? 

MOUNTED ON MOLY 

1. Sandblast and s p i n  e t ch  same as before  
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F i g u r e  

D i f f u s i o n  F 
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F i g u r e  20 

Photograph of I n t e r f e r e n c e  F r i n g e s  
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V. ENCAPSULATION 

A. REVIEW OF EARLIER VERSION 

The encapsulation of t h i s  t r a n s i s t o r  went through s e v e r a l  modif icat ions.  

It w a s  mentioned i n  Sect ion 1 1 - A  t h a t  t he  e m i t t e r  geometry f i r s t  con- 

s idered was a nineteen-module s t r u c t u r e  on a 1-inch diameter wafer. A 

c r i t i c a l  ana lys i s  of t h e  banding of twenty ind iv idua l  w i r e s  t o  t he  re- 

quired 10 modules was expected t o  be almost impossible,  e s p e c i a l l y  

when the threading of t hese  w i r e s  through small holes  simultaneously w a s  

considered i n  conjunction with the  assembly problem. 

Because of t he  s e v e r i t y  of t h i s  problem, the e m i t t e r  geometry w a s  re- 

designed. This  design permitted a much s impl i f i ed  con tac t ing  procedure 

u t i l i z i n g  the compression bond technique which was being success fu l ly  used 

on o t h e r  high power devices.  The emitter con tac t  w a s  a r i n g  s t r u c t u r e  

and the base contact  was a dot  s t r u c t u r e .  An i n s u l a t i n g  pressure pad 

was used t o  d i s t r i b u t e  the  pressure over the f i n g e r  s t r u c t u r e  between 

the emi t t e r  con tac t ing  r i n g  and t h e  base con tac t ing  dot .  

The p o s s i b i l i t y  of nonplanarity of t h e  t r a n s i s t o r  element suggested some 

modification of t he  encapsulat ion system. The emitter contact  was a 

c i r c u l a r  si lver r i n g  and the  base w a s  a c i r c u l a r  s i l v e r  d i s c .  This  

system a l s o  showed seve ra l  weaknesses. The in spec t ion  of t he  t r a n s i s t o r  

a f t e r  disassembly ind ica t ed  the  emitter r i n g  was causing su r face  damage 

on the contact  and where the pressure was excessive.  It w a s  a l s o  ob- 

served t h a t  t h e  emitter r i n g  w a s  not making con tac t  with t h e  emitter a rea  

uniformly. Because of t hese  drawbacks, t h e  second ve r s ion  was f u r t h e r  

modified. And t h e  f i n a l  ve r s ion  was adopted. The encapsulat ion d e t a i l s  

of the f i n a l  ve r s ion  are given i n  t h i s  s ec t ion .  
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B. CUSHIONING MATERIAL 

It h a s  long been recognized tha t  excess ive  loca l i zed  stresses on a 

compression bonded device w i l l  c a u s e  downgrading o r  even complete 

f a i l u r e  of the  device.  

t h e  subjec t  device w a s  e spec ia l ly  sub jec t  t o  excessive loca l ized  

s t r e s s e s .  

Due t o  t h e  narrow emitter contac t ing  su r face ,  

I n  order  to spread t h e  compression f o r c e  requi red  f o r  encapsulat ion over 

t h e  whole sur face  of t h e  device,  a search w a s  made f o r  a material with 

mechanical, e l e c t r i c a l  and thermal c h a r a c t e r i s t i c s  s u i t a b l e  f o r  i n t ima te  

con tac t  with t h e  sur face  of the  device.  One ma te r i a l  t h a t  was r e a d i l y  

a v a i l a b l e  and uniquely s u i t e d  t o  t h e  requirements was Teflon*, type TFE 

(polytetrafluorethylene). 

The l i t e r a t u r t q h o w s  t h a t  p a r t s  made of TFE deform i n  t i m e  a t  a decreasing 

rate. 

Modules of E l a s t i c i t y . "  

deformation f o r  a n  app l i ed  s t r e s s  p lus  t h e  amount of deformation t h a t  

occurs with t i m e .  

i n i t i a l  deformation of TFE occurs wi th in  t h e  f i r s t  few hours.  The 

deformation then l e v e l s  off t o  a po in t  where it is  neg l ig ib l e .  

This  property can b e s t  be explained by the  concept of "Apparent 

This concept t akes  i n t o  account t h e  i n i t i a l  

A t  a given compressive fo rce  and temperature t h e  

The e l e c t r i c a l  p rope r t i e s  of TFE i n  t h e  requi red  th ickness  f a r  exceed 

t h e  e l e c t r i c a l  c h a r a c t e r i s t i c s  of t h e  device.  

a l r eady  being used as lead wire  i n s u l a t i o n  i n s i d e  many of t he  Westinghouse 

t r a n s i s t o r s  and con t ro l l ed  r e c t i f i e r s .  

Sleeving of Teflon i s  

The above-mentioned l i t e r a t u r e  shows t h a t  TFE is  u s e f u l  from -267OC t o  

$-25OoC. Since TFE 

i s  i n e r t  t o  almost a l l  chemical r e a c t a n t s  i t  i s  an i d e a l  substance t o  

mate t o  t h e  e n t i r e  su r face  of the device.  

This f a r  exceeds t h e  r a t i n g  of t h e  sub jec t  device.  

* Registered trademark of E. I. DuPont de N e m o u r s  and Campany. 

E. I. DuPont de Nemours and Company, Wilmington, Delaware 19898, 
Materials i n  Design Engineering, Feb. 1964. 

(1Z)Teflon Fluorocarbon Resins, Mechanical Design Data, P l a s t i c  Dept., 
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C .  DESIGN OF COMPRESSION ELEMENTS 

The design of t he  compression elements of t h e  sub jec t  device i s  very s imi l a r  

t o  t h a t  of the Type 221 SCR which has  proven very  successfu l .  

1. E m i t t e r .  Figure 28 shows the  components of t he  emitter com- 

pression.  Following i s  a b r i e f  desc r ip t ion  of each: 

E m i t t e r  Lead (6) - Applies d i r e c t  fo rce  t o  the  emi t te r  con tac t .  The 

base compression elements are  contained wi th in  t h e  tube leading t o  the  

ceramic-metal s e a l .  

Small Thrust  Washer (7) - 
i n s u l a t i o n .  It is  chamfered on one s i d e  t o  f i t  over t h e  brazed f i l l e t  

between t h e  washer and t h e  tube of t h e  emitter lead.  

Mica Insu la t ion  - Insu la t e s  t h e  emitter from t h e  c o l l e c t o r  por t ions  

of t he  case .  Also serves  as t h e  loca to r  t o  properly cen te r  t h e  emitter 

lead.  

Large Thrust Washer (') 

t h e  mica washer and the B e l l e v i l l e  sp r ings .  

B e l l e v i l l e  Springs'") - 
s u l a t i o n .  Used i n  a series of t h r e e  i n  order  t o  ga in  maximum d e f l e c t i o n .  

This  ensures t h a t  t he  h ighes t  poss ib le  f o r c e  i s  maintained a s  t h e  emitter 

contac t  conforms t o  t h e  sur face  of t he  device.  Maximum fo rce  maintained - 
900 lbs .  

Large Thrust Washer - This  l i e s  on top  of t h e  bear ing  su r face  of 

t he  B e l l e v i l l e  spr ings .  

I n t e r n a l  (13) - After  fo rce  has  been app l i ed  during pre-encapsulat ion,  

t h e  nut  i s  screwed down aga ins t  t h e  top  t h r u s t  washer. When f o r c e  i s  

r e l eased ,  the B e l l e v i l l e  sp r ings  a r e  maintained i n  a de f l ec t ed  s t a t e .  

Provides a s o l i d ,  f l a t  base f o r  t h e  mica 

- This washer se rves  a s  a bear ing su r face  between 

Maintains t h e  fo rce  app l i ed  during pre-encap- 

2 .  Base. Figure 2 9 i s  a c r o s s  sec t ion  of t h e  base compression 

elements.  Following i s  a b r i e f  desc r ip t ion  of each: 
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---- N a i l  Head Lead Wire(") 

f u s i o n  and leads  t o  the ceramic-metal seal. 

Teflon Locator (15) 

t he  base contac t  element. 

- Mica Insu la t ion  

t h e  top  sur face  of t h e  locator. 

- Coil  Spr ing  "') 

t h e  bas ic  fus ion  when force  is applied t o  the  emitter coraprersion a 8 e d l y .  

-- Base Lead I n s u l a t i o n  (16) 

c o l l e c t o r  regions of the  assembly. 

P l u g  (22) 

components i n  place.  

- This con tac t s  the  base reg ion  of the  bae ic  

- This w a s  f u l l y  described during the  d iscuss ion  of 

- Dis t r ibu te s  the  force  of the  c o i l  spr ing  Over (18) 

- t 'rovides the fo rce  required t o  maintain contac t  tc 

- Insu la t e s  the  lead w i r e  from the  emitter and 

- Forced i n t o  t h e  top  of the  emitter tube t o  hold the  bare  

The above components are preassembled i n  the  emi t t e r  lead tube p r i o r  t o  

t h e  pre-encapsulation procedure. 

D. DESIGN OF CONTACTING ELEMENTS 

The contact ing elements were designed so t h a t  no changes i n  ex te rna l  

o u t l i n e  would be required.  

s e c t  i on. 

Figure 28 shows the  completed device i n  cross 

1. E m i t t e r .  Figure 30 shows the d e t a i l s  of t h e  emi t t e r  contact.  

It c o n s i s t s  of a Teflon washe rwi th  a t h i n  l a y e r  of si lver f o i l  f o n w d  

around i t  t o  conform with the  emitter contac t ing  su r face  of t he  b m i c  

device. 

s t r e s s - s t r a i n  c h a r a c t e r i s t i c s  would allow it to  flcw and conform t o  t h e  

emitter lead and device surface,  y e t  not so grea t  t h a t  i t  would push 

the  emitter contac t  a r ea  f r o m t h e  sur face  of t h e  device.  The silver 

The thickness  of t h e  Teflon washer w a s  designed so t h a t  t h e  

f o i l  w a s  fashioned t o  allow 

recognized a s  the  expansion 

cold 

arch 

flaw of t h e  Teflon. This  can be 

i n  Figure 30. 
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2 .  Base Contact.  The b a s i c  con tac t  element (Figure 2 9 )  c o n s i s t s  of 

a n a i l  head s i l v e r  w i r e  and Teflon loca to r .  An important f e a t u r e  of t h e  

Teflon locator  i s  t h e  r e v e r s e  chamfer a t  t h e  con tac t ing  su r face .  

f e a t u r e  allows f o r  t he  co ld  flow of t h e  emitter con tac t  under p re s su re ,  

which i n  t u r n  locks t h e  base i n  place.  The Teflon l o c a t o r  s e rves  another  

important function i n  c e n t e r i n g  t h e  emitter con tac t  on t h e  su r face  of t h e  

bas i c  fus ion .  

This  

I n  the  f i r s t  emitter c o n t a c t s  t h e  s i l v e r  w a s  notched and formed around t h e  

Teflon cushioning pad by hand. 

area accura t e ly  and form t h e  expansion a rch .  

remaining con tac t s  were made by a mul t ip l e  punch and d i e  method. 

method l e f t  wrinkles on the  con tac t ing  s u r f a c e ,  but  i t  w a s  found t h a t  t h e s e  

wrinkles  d i d  not adversely a f f e c t  t h e  c h a r a c t e r i s t i c s  of t h e  device.  

It was very d i f f i c u l t  t o  a l i g n  t h e  con tac t ing  

Tooling w a s  designed and t h e  

This  

3 .  Col l ec to r .  It w a s  very important t h a t  i n  designing t h e  c o l l e c t o r  

c o n t a c t ,  t o  keep i n  mind t h a t  it i s  through t h i s  con tac t  t h a t  t h e  h e a t  

generated wi th in  t h e  b a s i c  fus ion  flows t o  be d i s s i p a t e d  i n  t h e  base and 

h e a t  sink. This r equ i r ed  t h a t  t h e  molybdenum mounting d i s c  of t h e  bas i c  

f u s i o n  and the base be i n  in t ima te  con tac t .  To enhance t h e  i n i t i m a t e  

con tac t  between t h e  bas i c  fus ion  and t h e  base,  a dead s o f t  s i l v e r  d i s c  

was placed between them. The purpose of t h i s  d i s c  was t o  f i l l  as many 

voids  (due t o  lack of f l a t n e s s  and su r face  f in i sh :  as p o s s i b l e  i n  both t h e  

molybdenum mounting d i s c  and pedes t a l  surface.  

Upon examining t h e  f o i l  a f t e r  disassembly, t h e  imprint of t h e  molybdenum 

and the  base su r face  i r r e g u l a r i t i e s  were c l e a r l y  v i s i b l e ;  i n d i c a t i n g  t h a t  

t h e  s i l v e r  f o i l  was performing a s  intended. 
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E .  PRE- ENCAPSULATION PROCEDLJRE 

A l l  components except t h e  m i c a  i n s u l a t o r s  are thoroughly degreased i n  tri- 

chloroethylene.  The mica i s  baked and s t o r e d  i n  vacuum a t  150 C f o r  12 

hours p r i o r  t o  assembly. 

0 

1. Base-Emitter Sub-Assembly 

a .  The small t h r u s t  washer is placed over t h e  top  of t h e  emitter 

l ead  and sea t ed  on t h e  t o p  surface of t h e  emitter lead. 

b. Two mica i n s u l a t i n g w a s h e r s  a r e  placed over t h e  emitter lead 

tube and sea t ed  on t h e  small t h r u s t  washer. 

c .  The emitter lead i s  inve r t ed  and t h e  sp r ing  placed i n  the  

emitter lead tube and se t  aga ins t  t h e  plug. 

d. Two m i c a  i n s u l a t i n g  d i s c s  are sea t ed  on t h e  spr ing.  

e. A n a i l  head lead w i r e  is placed through t h e  Teflon loca to r  

and set a g a i n s t  t h e  bottom of the  loca to r .  

f .  A p i ece  of g a t e  l e a d  i n s u l a t i o n  is  placed over t h e  lead 

w i r e  and i n  t h e  counterbore of the l o c a t o r .  

g. The lead w i r e  and Teflon l o c a t o r  are i n s e r t e d  i n  t h e  emitter 

tube and t h e  w i r e  and i n s u l a t i o n  brought through t h e  s l o t  i n  t h e  tube as 

t h e  l o c a t o r  i s  sea t ed  a g a i n s t  the mica. 

h. The e m i t t e r  lead i s  then turned r i g h t  s i d e  up and t h e  l a r g e  

t h r u s t  washer (.040" t h i c k )  is placed over t h e  emitter tube and base 

lead w i r e  and on top  of t h e  mica i n s u l a t o r .  

i. Three B e l l e v i l l e  spr ings are then s e a t e d  on t h e  l a r g e  t h r u s t  

washer (.040") i n  series with the f i r s t  washer, concave s i d e  up. 

j .  The l a r g e  t h r u s t  washer (.060" t h i ck )  i s  then sea t ed  on t h e  

B e l l e v i l l e  sp r ings .  

k. The inner  nut  i s  then placed on t h e  l a r g e  t h r u s t  washer 

(.060") with t h e  f l a t  s i d e  down. 
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2 .  Pre-Encapsulation 

a .  A p iece  of s i l v e r  f o i l  i s  placed i n  t h e  inner  c a s e  and set 

on t h e  base.  

b .  The bas i c  fus ion  is  put  i n t o  t h e  inne r  case and seated on 

the  s i l v e r  f o i l ,  w i th  t h e  molybdenum s i d e  down. 

c .  The emitter con tac t  i s  cen te red  on t h e  su r face  of t h e  b a s i c  

fusion.  

d. The base-emit ter  sub-assembly i s  placed i n  t h e  inner  case .  

The Teflon locator  i s  guided i n t o  t h e  i n s i d e  diameter of t h e  emitter 

con tac t  and pressed down as t h e  s l a c k  on t h e  inne r  nut  i s  taken up. 

e.  The sub-assembly i s  then placed on a p r e s s  and f o r c e  is 

appl ied t o  the l a r g e  t h r u s t  washer (.060") t o  compress t h e  B e l l e v i l l e  

sp r ings  (at t h e  same t i m e  t h e  inner nu t  is  being t i gh tened) .  

i s  repeated t h r e e  t i m e s  t o  overcome as much f r i c t i o n  as  poss ib l e .  

This s t e p  

The u n i t s  were then ready f o r  t h e  f i n a l  encapsulat ion procedure. 
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F. FINAL ENCAPSULATION PROCEDURE 

For the  f i n a l  encapsula t ion  procedure, t he  p a r t s  involved were prepared 

as follaws. The ceramic-metal s e a l  w a s  l e a k  t e s t e d ,  degreased, and baked 

i n  vacuum a t  175OC f o r  4 hours. The molecular s i e v e  w a s  baked a t  l e a s t  

16  hours i n  vacuum a t  300°C. They were then s to red  i n  vacuum at 15OoC. 

The pre-encapsulated assembly was baked i n  a i r  a t  175OC f o r  4 hours p r i o r  

to the final e n c a p s u l a t i m .  

A l l  components i n  t h i s  s e c t i o n  a r e  shown i n  Figure 28 . 
Procedure 

1. The molecular s i e v e  w a s  placed over t he  emitter tube and sea ted ,  

i n s i d e  the  inne r  nut, on t h e  la rge  t h r u s t  washer .060" th. 

2. The base lead  w i r e  w a s  guided through t h e  base lead connector as 
t h e  ceramic-metal seal w a s  placed Over the  inne r  case and sea ted  on the  

weld r ing.  

3. The base lead  w i r e  w a s  pinch welded i n s i d e  the  connector. 

4. The ceramic-metal s e a l  was r e s i s t a n c e  welded t o  in su re  hermet ic i ty  

of t he  assembly. 

5. The emitter lead  connector was then crimped i n  place. 

6. The device  w a s  l e a k  t e s t ed  and p l a t ed  wi th  n icke l .  

The f i n a l  encapsula t ion  w a s  then complete and t h e  devices  were ready f o r  

f i n a l  e l e c t r i c a l  t e s t i n g .  
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G. FORCE VS. THERMAL IMPEDANCE 

I n  order  t o  d i s s i p a t e  the  hea t  generated i n  a power device ,  i t  i s  impera- 

t i v e  t h a t  the bas i c  fus ion  be i n  in t ima te  con tac t  wi th  the  base. I n  t h e  

sub jec t  device t h i s  i n t ima te  contac t  is  achieved by means of t he  compression 

bond encapsulat ion technique developed by Westinghouse f o r  high power 

s i l i c o n  cont ro l led  r e c t i f i e r s .  Since the  Type 142 is  one of t h e  f i r s t  

power t r a n s i s t o r s  t o  use t h i s  technique, l i t t l e  d a t a  was a v a i l a b l e  as t o  

the  amount of fo rce  which would be requi red  t o  achieve and maintain a low 

thermal impedance contac t  between the  b a s i c  fus ion  and t h e  base. 

Engineering d a t a  recorded from pas t  experience on the  250 amp Type 221 

s i l i c o n  cont ro l led  r e c t i f i e r  ind ica ted  t h a t  t he  thermal impedance decreased 

a s  the  force  increased.  Figure 31 shows t h e  r e s u l t s  of an experiment 

conducted on seve ra l  Type 221 SCR' s .  I t  can be seen t h a t  t he re  i s  a d e f i n i t e  

decrease i n  thermal impedance of a l l  t he  devices  a s  t he  fo rce  i s  appl ied 

up t o  about 750 l b s .  From then  on, the  r a t e  of decrease  begins t o  l e v e l  

off  t o  a very gradual s lope.  From t h i s  da t a ,  it was reasonable  t o  assume 

t h a t  a t  l e a s t  900 l b s .  of force  would be requi red  t o  achieve the  in t ima te  

contac t  needed t o  ca r ry  o f f  t he  hea t  generated i n  the  bas i c  fus ion .  

f i n a l  t e s t  results on the  sub jec t  device shows t h a t  t he  thermal impedance 

i s  wel l  wi th in  the  spec i f i ed  l i m i t s .  

The 
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VI. TEST RESULTS 

A. ELECTRICAL TESTS 

E l e c t r i c a l  tests were performed a t  var ious s t ages  of the  fabr ica t ion .  

1. Voltape. I n  order  t o  t e s t  the  vol tage  c a p a b i l i t y  of t he  e p i t a x i a l  

junct ion,  the slices were sandblasted t o  expose the  col lector-base junction. 

The co l lec tor -base  vol tage  was measured using a Tektronix curve tracer 575. 

A spec ia l  test  f i x t u r e  w a s  made t o  test t h e  slices by making contac ts  Over 

t h e  a c t i v e  a rea  of the  s l i c e s .  The r e s u l t s  are shown i n  Table VII. Three 

of these slices were etched i n t o  s m a l l  mesas using t h e  mask Shawn i n  

Figure 26 and the  co l lec tor -base  vol tage w a s  again measured using the 

Tektronix curve t r a c e r .  

graphs of the  breakdown c h a r a c t e r i s t i c s  a re  shown in Figure 32. 

mesas exh ib i t  high breakdown vol tage with r a t h e r  low leakage. 

vol tage d i s t r i b u t i o n  is reasonably regular  showing a p a t t e r n  q u i t e  expect- 

ab le  with minor mater ia l  var ia t ion .  

The results are shown i n  Table VI11 and photo- 

A l l  t he  

The 

The vol tage  c a p a b i l i t y  of t h e  lOOA t r a n s i s t o r  w a s  t e s t e d  before enc8p.u- 

l a t i o n  and the u n i t s  t h a t  showed poor vol tages  were re jec ted .  The t rur  
s i s t o r s  t h a t  showed good vol tages  were encapsulated and the  electrical 

tests were again performed t o  i n s u r e  the  encapsulat ion s t e p  Bad not 

degraded the uni t s .  The r e s u l t  of t he  vol tage  tests before  and after 
encapsulat ion are given i n  Table IX. The electrical c i r c u i t s  used to 
measure t h e  co l l ec to r - emi t t e r  breakdown vol tage  (V and the maUilrln# 

vol tages  a r e  given i n  Figures  33 and 34. 
CEO 

Voltage measurements were a l s o  made a t  d i f f e r e n t  temperatures. 

were stacked i n  a temperature cont ro l led  Oven and t h e  vol tage  reading 
w a s  taken a t  12SoC, 150°C m d  175OC. 

The 

The r e s u l t s  are shown in Table  X. 
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2. Sa tura t ion  Voltage. The s a t u r a t i o n  vo l t ages  were measured by 

using a Dynatron pulse  t e s t e r .  

emi t t e r  s a t u r a t i o n  vol tage ,  

vol tage,  VBE(sat), i s  shown i n  Figure 35 . 
a duty cycle  <2% was used f o r  t he  t e s t .  

the  spec i f ied  IB (10 ampere) was appl ied.  

The c i r c u i t  used t o  measure the  c o l l e c t o r -  

and the  base-emit ter  s a t u r a t i o n  
"CE ( s a t )  ' 

A pulse width of 300psec. and 

I n  the  common e m i t t e r  c i r c u i t ,  

The c o l l e c t o r  cu r ren t  w a s  

and V d r i v e n  up t o  l O O A  and t h e  VCE(sat) were read o f f  d i r e c t l y .  BE ( s a t )  
The r e s u l t s  of t h e  t e s t s  given i n  Table X I  . 

3. Current Gain. The cu r ren t  t r a n s f e r  r a t i o  (h ) a t  l o w  cu r ren t  FE 
l e v e l  was t e s t ed  wi th  a Tektronix curve t r a c e r  and the  corresponding 

reading a t  high cu r ren t  l e v e l  was made wi th  a Dynatron pulse  t e s t e r .  

e l e c t r i c a l  c i r c u i t  used is  shown i n  Figure 36. I n  the  comnon-emitter 

c i r c u i t ,  the s p e c i f i e d  vol tage  (4V) was appl ied between the  c o l l e c t o r  and 

the  e m i t t e r ;  and then the  spec i f i ed  c o l l e c t o r  c u r r e n t  of l O O A  was appl ied.  

The base cur ren t  was then measured and the  forward cu r ren t  t r a n s f e r  r a t i o  

was ca lcu la ted  using 

The 

I C  = -  
h~~ 'B 

The r e s u l t s  a r e  shown i n  Table X I .  The cu r ren t  t r a n s f e r  r a t i o  as a 

func t ion  of c o l l e c t o r  cu r ren t  is given i n  Table X I  f o r  a number of t y p i c a l  

un i t s .  Figure 37 shows hFE of t h ree  t r a n s i s t o r s  as a func t ion  of c o l l e c t o r  

cur ren t .  It  i s  seen from the  f i g u r e  t h a t  h i s  f a i r l y  uniform over the  

opera t ing  range of c o l l e c t o r  c u r r e n t ;  t h i s  i s  e s s e n t i a l  t o  minimize the  

switching c h a r a c t e r i s t i c s .  

FE 

4. Switching Tests .  The switching tests of t he  t r a n s i s t o r s  were per -  

formed using the  c i r c u i t  shown i n  Figure 38 . 
given i n  Figure 39. 

i n  Figure 39 . The device was mounted on an appropr ia te  hea t  s ink.  I 

and 1 

with inpu t  impedance. 

The t e s t  condi t ions  a re  

The t y p i c a l  d i sp l ay  f o r  t he  switching test  i s  shown 

B(od  
was measured f o r  each t e s t ,  s ince  IB i n  each case  might vary 

was measured t o  be 20A. 
B(off) 

VcL was appl ied u n t i l  IC 
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Because of the l i m i t a t i o n  of the c i r c u i t ,  the switching measurement 

was conducted only up to 20A. 

Table  XII. 

The r e s u l t s  of the tests are given i n  
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B. ENVIRONMENTAL TESTS 

Several  u n i t s  were subjec ted  t o  temperature cyc l ing  from -65OC t o  +2OO0C. 

The r e s u l t s  fo r  t w o  t y p i c a l  u n i t s  before  and a f t e r  t h e  temperature  cyc l ing  

tests are shown i n  Table X I I I .  

The t r a n s i s t o r s  were a l s o  subjec ted  t o  shock and cen t r i fuge  tests i n  a l l  

t h r e e  planes. The equipment used for  t h e  test  i s  shown i n  Figure 40 and 

the  r e s u l t s  a r e  given i n  Table X I I I .  

The v i b r a t i o n  test  w a s  done on the  appara tus  shown i n  F igure  41. 

t e s t  w a s  done a t  20G's w i th  100 t o  2OOOcps i n  a l l  t h r e e  planes.  The 

r e s u l t s  of the t e s t s  a r e  a l s o  shown i n  Table X I I I .  

The 

Two t r a n s i s t o r s  were s to red  i n  a 2OOOC oven f o r  1282 hours. The e l e c t r i c a l  

c h a r a c t e r i s t i c s  of t he  t r a n s i s t o r s  were taken  a t  several i n t e r v a l s  and 

are shown i n  Table XIV. 
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C. THERMAL TEST 

Thermal measurements were made with the c i r c u i t  shown i n  Figure 42 . 
This  i s  the  c i r c u i t  p re sen t ly  used i n  eva lua t ing  the  s tandard l i n e  of 

Westinghouse p w e r  t r a n s i s t o r s .  The measurement method used t h e  forward- 

biased co l l ec to r -base  vol tage a t  a constant  cu r ren t  level as the  tempera- 

t u r e  s e n s i t i v e  parameter (TSP). 
t h e  TSP w a s  measured w i t h  no pawer d i s s i p a t i o n  i n  the  device. 

temperature w a s  t hen  lowered a knuwn amount and power w a s  d i s s i p a t e d  u n t i l  

t h e  TSP measured t h e  same as before. 

mercury r e l a y s  which i n t e r r u p t  the power and connect the measurement 

osc i l l o scope  t o  the  c i r c u i t .  The r e s u l t s  of the  thermal tests of fou r  

t y p i c a l  u n i t s  are shuwn i n  Table XV . 

With t h e  device a t  a n  elevated temperature 

The case 

The TSP w a s  measured by means of 

The e l e c t r i c a l  c h a r a c t e r i s t i c s  of t h e  f i v e  f i n a l  t r a n s i s t o r s  del ivered t o  

NASA are shown i n  Tables XVI and XVII. 
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TABLE V I 1  

Results of Collector-Base Voltage Test 

Unit No. VCB 
V Z  

2 -1 

1-2 

4 -3 

5 -4 

4 -5 

2-6 

2 -7 

5 -8 

3 -9 

5-10 

3-11 

180135 

180/35 

100 /50 

150 15c 

150150 

200 125 

180 150 

190125 

20 I50 

80150 

150/50 
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Slice 
No. 

1 
- 

2 

3 

TABLE VI11 

Voltage Capability of Epitaxially 
Grown Diodes (small area mesa) 

Mesa 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

- 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

1 
2 
3 
4 
5 
6 
7 
8 
9 

Mesa 
No.  w l m a  - 

180 11 
180 12 
180 13 
180 14 
170 15 
180 16 
180 17 
160 18 
160 19 
180 

140 volts at .02m 

160 11 
160 12 
160 13 
160 14 
160 15 
170 16 
170 17 
160 18 
160 19 
160 

140 volts at .03ma 

180 
170 
180 
180 
170 
180 
180 
180 
180 

11 
12 
13 
14 
15 
16 
17 
18 
19 

10 180 
140 volts at  .03ma 
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VCB/lma 
180 
180 
160 
170 
180 
180 
160 
170 
170 

160 
160 
160 
160 
160 
160 
160 
160 
160 

180 
170 
180 
180 
180 
170 
1 80 
170 
1sq 

I 
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118-1 
118-2 

119-1 
119-2 
119-3 
119-4 
119-5 
120-1 
120-2 
120 -3 
122-1 
122-2 
122-3 
122-4 

123-1 
123 -2 
123 -3 
123-4 
123-5 

125 -1 
125-2 
125 -3 
125-4 
125-5 

100 
45 

100 
15 
100 
100 
25 
20 
200 
185 
150 
25 
.3 
50 

14 
14 
55 
50 
70 

140 
23 
130 
65 
120 

TABLE IX 

Voltages B e f o r e  and After E n c a p s u l a t i o n  

U n i t  
N o .  'CE I C E  --- 

15 
50 

50 
100 
5 
50 
200 

250 
40 
60 
12 
50 
100 
16 

100 
100 
50 
45 
30 

20 
200 
30 
100 
15 

POST -ENCAPSULATION 

118-1 100 15 
118-2 50 20 

------------------ 

119-1 100 50 
119-3 100 5 
119-4 95 40 

120-1 20 250 
120-2 160 7 
120-3 160 35 
120-4 135 35 

( c o n t i n u e d  on next page) 

'CB 

100 
50 
100 
35 
100 
100 
40 

45 
250 
130 
150 
65 
12 
60 

15 
15 
100 
50 
100 

140 
25 
150 
100 
150 

100 
50 

100 
100 
100 

45 
170 
180 
140 

'CB 

10 
35 

40 
100 
4 
15 
100 

250 
20 
35 
10 
50 
50 
10 

100 
100 
25 
28 
15 

15 
60 
30 
75 
10 

10 
15 

40 
5 
60 

250 
7 

35 
40 

-90 - 

- "EB 

.7 

.8 

.8 

.8 

.9 

.9 

.8 
12 
12 
13 
11 
18 
12 
12 

11 
11 
15 

10.5 
4.5 

5 
12 
12 

10.5 
11 

.8 

. 9  

.8 

12 
12 
13 
13 

IEB 'BE I BE --- 

5 14 50 
5 14 60 

5 13 10 
5 14 10 
5 14 10 
10 15 20 
5 16 60 

100 
100 
200 
100 
50 
50 
25 

100 
100 
25 
50 
25 

200 
100 
200 
50 
25 

5 15 40 
5 15 200 

5 14 20 

100 
40 
100 
100 



8 .- 
I 
I 
8 
1 
I 
1 
t 
I 
I 
1 
1 
I 
8 
I 
I 
1 
I 
1 

TABLE IX (continued) 

i 
Unit 
No. - 

122-1 
122-2 
122-4 

123-1 
123-3 
123-4 
123-5 

125-1 
125-2 
125-3 
125-4 
125 -5 

'CE ICE -- 
50 12 
30 100 
55 18 

35 100 
100 150 
150 140 
140 125 
140 20 
25 200 
150 40 
130 200 
140 30 

--- 'CB 'CB %B 

150 lo 
70 50 
65 i2 
35 25 
150 60 
160 80 
150 30 

140 15 
25 60 
150 30 
135 . 120 
150 10 
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11.5 
18.5 
12.5 

8 
16 

13.5 
15 

5 
11.5 
11.5 
10.5 
11.5 

100 
30 
50 
100 
50 
100 
25 
200 
100 
200 
50 
25 
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Unit 
No . 
116-2 
116-3 
117-1 
117-2 
118-1 
119-1 
119-3 
1194 
122-2 
1224 
123-3 
123-5 
126-1 
126 -2 
126-4 

- 
'CE ( 6  at) 
V a t  80A 

09 

.8 
1.1 
1.0 

.8 . 75 
05 
. 7s 
.8 

04 
1.7 

09 

.34 
057 
. 67 

TABLE XI 

Saturation Voltage and Current Gain 

'BE (sat) 
V a t  80A 

1.2 
1.35 
1.25 
1.25 
1.1 
1.1 
1.1 
1.1 
1.4 
1.1 
2.6 
1.7 
-- 
1.2 
1.11 

80A lOOA - 
11.8 
11.8 
30 
21 
21 
19 
21 
14.8 
25 
18.2 
50 

44 e5 
13.3 
17.6 
13.6 

10.5 
11.1 
20 
22.2 
18.5 
17.4 
21 
17.3 
22.2 
17.2 
42.5 
36.5 
13.2 
16.7 
13.5 

10.3 
11 
18.8 
19.5 
17.6 
15.8 
19.3 
17 
20 
16 
30 
27.3 
12.5 
16 
12.5 

10.2 
10.7 
16 

17 .5 
15 
14.2 
17.6 
16.2 
17 
15 
24.3 
22.8 
12.3 
15 
12 

-- 
-- 
11 
10.8 
10 
12 
13.3 
11.6 
13.2 
13 
18 
17 
11 
13 
10 
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Unit 
No, 

122-2 

123-1 

123-3 

123-4 

123-5 

125-1 

125-4 

125-5 

126-2 

TABLE XI1 

Switching Characteristics 

td tr 
u.8 UB 

-5  1 .5  

.5 1 .o 

.5 2.5 

. 55 .95 

.5 1 .5 

.5 1 .5  

- 6  1.4 

. 55 .95 

e 5  1 .2  

td+r 
u8 

2 

1 .5  

3 .O 

1.5  

2 .o 
2.0 

2.0 

1 .5  

1.7 
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f 
t 

L18 L18 

.45 e 15 

.35 .1 

.4 .2 

.4 .15 

.5 .15 

. 3  .15 

.2  .15 

.45 .05 

. 3  e 1  

%+f 
E 

.6 

.45 

.6 

.55 

.65 

.45 

.35 

.50 

.4 



8 .- 

I- 
8 
I 
I 
1 
8 
1 
I 
1 
I 
8 
I 
I 
8 
I 
1 
8 
1 

TABLE XI11 

Environment a 1 Te s t s 

Unit - No. vo l t  /ma vo l t  /ma vo l t  /ma vol t  /ma B 

BEFORE TESTS ------------ 
Post Encapsulated and Plated 

111-1 20 /120 30/60 7 I250 141250 33/10A 

111-2 31250 161250 .7 I250 13 1250 40110A 

114-1 7.5/250 7 / 250 .7/250 1.21250 8/10A 

114-2 35 /250 55 I250 .7 /250 6 1250 25 /10A 

AFTER TESTS ----------- 
Post Temperature Cycling Tests 

114-1 7 I250 81250 7 I250 3 /250 8/10A 

114-2 35 1200 55/250 .8/250 7 /250 2511OA 

Post Vibration and Centrifugal Tests 

111-1 61250 13.81250 6 / 5  - .85 /250 15 /140 33 /1OA 

111-2 3.2/250 16.5 I250 .7 /250 131250 20 /10A 

Centrifugal = 500G's X, Y and Z Planes 

Vibration = 20G's 100-2OOcps X, Y and Z Planes 
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TABLE X I V  

S torage  L i f e  (2OOOC) 

V 
Uni t  'EB VCB CE B 'CE(sat)  - -  No. l O m a  - lOma - loma Hours 5A 5A - 10A 

37 -10 

37 -9 

37 -10 

37 -9 

37-10 

37-9 

37-10 

37-9 

37-10 

37 -9 

1 . 8 V  

3.7 

1.8 

3.8 

1.8 

3.8 
1.8. 

3.8 

2.2 
2.0 

3 7v 

135V/5 Oma 

38 

135V/50ma 

39 

l l0V 

20v 

110v 

37 

115 

18.2 

11OV/lOma 

18 

110 

18 

130V 

43v 

110v 

18 

110 

16 14 10  7.5 .7V 
2.5 4 - .8V 

13 10  7.5 .6V 

40 2.5 4 - .9V 

1 2  10 7.5 .6V 

184 2.5 4 - .9 

13 10 8.2 .7V 

496 2.5 2.5 - .9 

1282 13 11 7.5 .8 

2.5 2.2 - 1.0 

1.2v 
- 

1 . 3 V  
- 

1 . 3 V  
- 

1.4 
- 

1.42 
- 
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8 v  

I 
I 
I 
1 
II 
8 
1 
I 
8 
1 
I 
1 
8 
I 
I 
I 
8 
I 

TABLE xv 

Thermal Tests 

unit TJ AT W 'J-C 
.C/watt 

120-3 52 33 19 57 0.333 

120-2 63 41 22 63.5 0.347 

TS 
w a t t s  - OC - OC - O C  - No . - 

125 -4 . 50 34 16 56 0.286 

125-1 52 '3 8 14 62.5 0,224 
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8 .  
I- 

Elec tr i ca l  Characterist ics  of the Final Devices 

Hot Test (150°C) 

Unit 
No. - VEBO - 

119-3 15/30 

118-1 . 15 I60 

119-1 15/50 

125 -5 13.5/100 

125-3 13/200 

120-3 14/100 

10-4 

- 'CEO vCBo 7 !k 
150/10 15015 40 

75 I200 150 /45 28 

145 I60 165 155 28 

150114 160 18 16 

150/20 150115 14 

150/30 160/20 16 
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Vertical O.lma/Division 

Horizontal 20V/Division 

Breakdown Voltage of a Good Small-Area Mesa (Group C - Slice 12,  Unit #6) 

Vertical O.Olma/Division 

Horizontal 20V/Division 

Breakduwn Voltage of a Good Small-Area Mesa (Group C - S l i c e  #2, Unit #6)  

Figure 32 

Breakdown Characteristics 
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Figure 33 

Collector-Emitter Sustaining Voltage Test Circuit 

Figure 34 

Coll ec tor -Emitter -Breakdown Volt age 
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Figure 35 

'CE (sa t) BE(sat) and V Test  Circui t  

*Pulse test, duty cyc le  2%, pulse width = 300psec. 
In  the c m o n  emitter c i r c u i t ,  the spec i f i ed  IB 
(2X overdrive) i s  applied, the collector supplied 
i s  driven u n t i l  lOOA i s  across the co l lector-emit ter .  

"CE (s a t )  and 'BE(8at) i s  a d i r e c t  reading. 
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Figure 36 

Current Transfer  Rat io  Tes t  C i r c u i t  

*Pulse test, duty cyc le  Z X ,  pulse  width = 300psec. 
I n  the  conmon e m i t t e r  c i r c u i t ,  t he  s p e c i f i e d  vol tage  
(4V) i s  appl ied between the  c o l l e c t o r  and emi t t e r ,  
t he  spec i f i ed  c o l l e c t o r  cur ren t  (1-100A) i s  appl ied.  
The base cu r ren t  i s  then measured. The forward 
cu r ren t  t r a n s f e r  r a t i o  i s  ca lcu la ted  as hpE = 5 . I C  
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Figure 37: 

I' \.. 

hFE as Function of 

' !,; I O  1 L O  

IC (amps) 
Collector Current for Three Transistors 
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Figure 39 

Test Conditions and Typical Display f o r  Switching Tes t  

Tes t  procedure: Device is mounted on appropr ia te  
hea t  s ink ,  IB(on) and I B ( o f f )  is  measured each 
tes t  f o r  purpose of adjustment. (IB i n  each case 
may vary with input  impedance.) VCC i s  appl ied 
u n t i l  s p e c i f i c  IC is measured, then switching i s  
measured as descr ibed above. 
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V I I .  CONCLUSIONS AND RECOMMENDATIONS 

The success of t h i s  p ro j ec t  proved t h a t  Westinghouse l eads  the  semicon- 

ductor  industry i n  the p rec i se  con t ro l  of equipment, materials and proc- 

essing. 

high cu r ren t  and high speed devices  i n  l a r g e  area e p i t a x i a l  s l i c e s .  This 

w a s  accomplished on a s m a l l  scale, engineering l e v e l ;  i t  now remains t o  

e s t a b l i s h  the processes f o r  the l a rge  s c a l e  production of such a device. 

It demonstrated the  f e a s i b i l i t y  of f a b r i c a t i n g  high vol tage,  

More s p e c i f i c  recommendations include : 

1. A program t o  t es t  t h e  device 's  secondary breakdwn. 

2. A spec ia l  c i r c u i t  should be designed t o  t e s t  switching 

c h a r a c t e r i s t i c s  a t  cu r ren t  l e v e l s  up t o  100 amperes. 

3. A t r a n s i s t o r  with the  same c h a r a c t e r i s t i c s  as t h e  sub jec t  

device should be f a b r i c a t e d  using a s ing le -d i f fused  design 

and a comparison made between t h i s  and the e p i t a x i a l  design 

used here. 
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